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PREFACE 


When the first edition of this book was published, in 1936, it seemed 
necessary to call attention in the preface to the importance of motor 
control to men in many different fields oi activity. There was at that 
time very little written on the subject and almost no recognition of 
it in college engineering courses. The picture is very different today. 
In addition to the great increase in the electrification of industry, a 
number of books and hundreds of papers have been written, and now' 
almost every college electrical engineering course includes some work 
on control. 

Since the publication of the second edition, in 1944, new' devices 
and circuits have been developed, and new' standards have been cre¬ 
ated. The data and diagrams in this edition have been brought into 
conformity wdth present standards, and many new' standards have 
been added to the text. 

AMien tlie first edition was })iiblishe(i, electronic motor control w'as 
in its infancy, and the basic j)rinciples of the subject w'ere included 
in the text. Today electronic motor control is almost an industry in 
itself, and it w'ould be impossible to do the subject justice in this 
book. There are many excellent textbooks available, and so it has 
seemed best to omit the material on electronics. In its place, a chap¬ 
ter on regidating devices and circuits has been added. 

The requestfor a series of problems have been ratlier insistent, and 
so they have been added. 

Methods of calculating accelerating and decelerating times and dis¬ 
tances, both w'ith constant toniue and w'ith variable torque, have 
been included. 

I have again to express my thanks to those comj)anies and organi¬ 
zations that have so w'illingly supplied information, photographs, and 
permission to rej)rint material. I am also indebted to those w’ho 
offered the comments and suggestions that have been so helpful, and 
in i)articular to Mr. Jesse E. Jones, manager of tlrafting of Cutler- 
Hammer, Inc., for his w'ork on the chapter on regulating systems. 

P. B. Harwood 

Mihvaukee, Wisconsin. 

October 1.95!^ 




NOTE 


Many of the control sclienies and devices described and illustrated 
in this book are covered by letters patent or by an application for 
letters patent. No attempt has been made to indicate whether or 
not such patents exist. Service men can repair a patented device or 
patented apparatus purchased from a duly authorized seller. Persons 
desiring to build any of the devices described in this l)ook or to use 
any of the control sciiemes described are advised to check the patent 
situation before doing so. Neither the publisliers nor the author will 
assume any responsibility for damages arising out of patent litigation 
or suits involving any ai)paratus described in this book. 
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INTRODUCTION 

The success of any installation of electrically driven machinery is 
dependent upon the proper selection and correlation of the machine, 
the motor, and the controller. Each is important, and the improper 
application of a motor or a controller will lower the efficiency of the 
installation and may cause it to be a failure. 

In order to make successful installations, it is necessary to under¬ 
stand the factors which enter into the selection of the machine, motor, 
and controller, and therefore to have a good working knowledge of 
the characteristics of the three devices. The requirements of the 
machine with respect to speed, torque, and special functions must be 
known. An understanding of motor characteristics is necessary to 
proper selection of a motor which will accomplish the desired results, 
and a knowledge of control aj^paratus is required to insure the appli¬ 
cation of a controller which will cause the motor to perform the func¬ 
tions required of it. 

Machine builders often supply their machines complete with motor 
and control. It is advantag(‘ous for them to do so, as they are thor¬ 
oughly familiar with the requirements for good operation and are 
vitally interested in the satisfactory operation of the complete in¬ 
stallation. If the machine is supplied without motor and control, or 
with the motor but without the control, then the ultimate user is faced 
with the problem of selecting suitable control apparatus. He is also 
vitally interested in the success of the entire installation, which will 
be endangered if improper control is applied. In that case, the 
machine is likely to be blamed for failure to produce the results which 
the manufacturer claimed for it, or the blame may be placed on the 
motor. The design and application of motor controllers are, therefore, 
of interest to many men engaged in widely different kinds of work. 
They are of interest to machine designers and builders, to motor de- 
signers and builders, to the men selling these devices, and to anyone 
using or contemplating the use of an electrically driven machine. 

1 
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The five factors which enter into the study of a motor and control 
application fall logically into a definite order. They are: 

The machine. 

The power supply. 

The motor. 

The operator. 

The controller. 

The Machine. The machine is a known factor. It has been de¬ 
signed to accomplish certain results, and it has certain speed and 
torque requirements. These are known to the designer and builder, 
and information concerning them is therefore available. Specific in¬ 
formation should be obtained covering the following functions: 

Check List of Machine Characteristics 

(For use as an aid in the selection of control apparatus) 

Starting 

Will the machine be started by an operator? 

If so, what type of starting device is preferred: 

Pushbutton? 

Safety switch? 

Drum controller? 

Other means? 

If not, what type of automatic starting device will be used: 

Float switch? 

Pressure switch? 

Time clock? 

Thermostat ? 

Interlock in another machine? 

Other means? 

How often will the machine be started? 

Is the starting torque light or heavy? 

Has the machine a high inertia ? 

How much time will be required for starting? 

Is a particularly smooth start necessary? 

Will the machine always start under load, or always unloaded, or will 
conditions vary? 

Stopping 

Will the machine be stopped by an operator? 

Will it be stopped by a limit switch, or some other automatic device? 
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Is a quick stop essential? 

Is an accurate ston essential? 

Is a particularly quick stop in an emergency required? 

Is a magnetic brake required for stopping, or for holding the machine 
stationary? 

Reversing 

Will the motor be rever*^ed in regular operation? 

If so, how often will this occur? 

If the machine i& es>eniially non-reversing, will emergency reversing be 
required ? 

Will the motor be plugged? 

Must the machine perform the same functions in the reverse direction 
as it does in the forward direction? 

Running 

Will the machine run continuously or intermittently? 

Will the load be overhauling at any part of the cycle? 

Are any special functions required during the cycle? 

Speed Control 

Has the machine essentially a single constant speed? 

Has the machine two or more constant speeds? 

Is adjustable speed required? If ao, over what range? 

Will the speed be adju.sted while running, or will it be preset? 

Are different speeds required in different pars of the cycle? 

Must the running speed be relatively constant under different load con¬ 
ditions, or may it vary with the load? 

Is slowdown required during any part of the cycle? 

Safety Features 

Are any of the following protective features required: 

Overload protection? 

Open field protection? 

Open pha^e protection? 

Reversed phase protection? 

Overtravel protection ? 

Overspeed protection? 

Reversed current protection? 

At first sight, this seems to be a very formidable list, but it will be 
evident that only a few of the items will apply to any one machine. 
Furthermore, the machine builder w^ho must supply the information 
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will be entirely familiar with his machine and will be able to supply 
the data without a great deal of effort. Even though the requirements 
are apparently simple, it is a good plan to check against a list of this 
nature, simply to be sure that nothing is overlooked. 

Power Supply. The question of power supply is sometimes defi¬ 
nitely settled by the motor requirements and is always closely tied in 
with the motor selection. Direct current is particularly valuable 
where a wide range of speed control is required. Another advantage 
of its use is the ease of obtaining dynamic braking. One of the chief 
advantages of alternating current is that it is available almost every¬ 
where. Furthermore, the voltage of the supply may easily be changed 
by means of transformers. Alternating-current machines have rela¬ 
tively constant speeds, and it is difficult to obtain satisfactory speed 
variations. 

A crane hoist is an ideal application for direct current. Heavy 
loads must be hoisted at low speeds, but it is desirable that light loads 
be hoisted at considerably higher speeds. Similarly, heavy loads must 
be lowered slowly, with safety, and light loads may be lowered at a 
higher rate of speed. A direct-current series motor has exactly the 
right speed-torque characteristics to accomplish these results and is 
easily arranged for dynamic lowering at any desired speed. 

Most woodworking machines use alternating-current motors since 
relatively high speed and constant speed are desired. Dynamic brak¬ 
ing is not often required. 

Where there is only one kind of power supply it will usually be 
possible to select a suitable motor and controller. If the requirements 
are such that the available power cannot be utilized, it will be neces¬ 
sary to arrange to get the required type of power by using a motor- 
generator set or some other means of transformation. 

The quantity of power available and the rules governing its use 
should also be investigated. It may be found necessary to limit the 
current inrushes during starting, in order to avoid voltage disturbances 
on the line, even when such a limitation is not required for satisfactory 
starting of the machine. 

The Motor. The power supply may be determined by the necessity 
of using a particular motor, or the motor may have to be selected to 
suit the power available. Each type of alternating- or direct-current 
motor has definite speed and torque characteristics. A motor which 
is exactly suited to one application may be entirely unsatisfactory 
for another. Since a motor having the proper characteristics must be 
selected, a knowledge of the characteristics of the available types is 
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essential. Also the methods which may be employed to take advan¬ 
tage of the motor characteristics, to start and stop it properly, and to 
control its speed must be understood. 

The Operator's Function. There is generally a choice in the selec¬ 
tion of the method of operation of a machine. Sometimes it is neces¬ 
sary that the operator be called upon to exercise a considerable 
amount of judgment and to take a great deal of responsibility. He 
may be required to initiate every motion of the machine himself by 
pushing buttons or by moving levers. In the other extreme, it may be 
desirable to make the entire operation automatic, taking the respon¬ 
sibility entirely out of the hands of the operator. Even the starting 
and stopping may be automatically controlled. Between these two 
extremes are many arrangements gi\ ing an operator a greater or lesser 
degree of responsibility. 

As an example, consider the installation of a large crusher which 
is driven by a motor and which is lubricated under pressure. The oil 
is pumped by a separate small motor. Failure of the lubricating sys¬ 
tem may ruin the crusher. The simplest arrangement will be to have 
a starting controller for the crusher and a separate starter for the oil 
pump. Obviously, however, this does not provide any safety feature, 
as we are dependent upon the operator to start the oil pump before 
he starts the crusher, and to stop the crusher any time the oil pump 
stops. A better arrangement would be to interlo('k the two controllers, 
so that the oil pump must be running before the crusher can be started, 
and also so that, if the oil-pump motor stops at any time, the crusher 
will automatically be shut down. Still better would be an arrange¬ 
ment using only one starting button which, when pressed, would first 
start the oil pump, then, after the pressure was up, would start the 
crusher. This arrangement would include interlocking to shut down 
the crusher if the oil pressure fell below a safe value. A number of 
other schemes giving fair degrees of safety are possible. For instance, 
instead of shutting down the crusher when the oil pressure is low, it 
would be possible to ring a bell, warning the operator, whose respon¬ 
sibility it would be either to restore the oil pressure or to shut down 
the crusher. 

The final solution of this problem, or of any ont like it, would be 
a matter of judgment. Some of the factors to be considered would be 
the necessity of safety, the amount of damage which might be caused 
by an operator's mistake or neglect, the mental capacity and skill of 
the operator, and the relative cost of the various control schemes. 

The Controller. When the characteristics of the machine are known, 
and when the motor has been selected and the operator's part has been 
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determined, it is possible to select the proper control. If the require¬ 
ments are simple, this may be a standard catalog device. For more 
complicated machines, the controller will have to be specially designed. 
When the great variety of machines in use in all the industries is con¬ 
sidered, it will be evident that many special controls will be required. 
Their number is further multiplied by the many different types of 
motors and by the various sizes required. Still further complication is 
introduced by the many voltages and frequencies which are standard, 
and the use of single-, two-, or three-phase power. 

The control engineer has at his disposal a number of devices which 
have previously been designed, and he may be able to combine certain 
of these to accomplish the result he desires. If no available device 
will meet the requirements, he will have to modify some existing design 
or create an entirely new one. The devices with which he works are: 

Transformers and capacitors. 

Manually operated switches and drums. 

Pilot devices. 

Contactors and relays. 

Resistors or their equivalent. 

Electronic apparatus. 

Tachometers and rotating regulators. 

A study of the requirements will enable the engineer to decide how 
the control is to function and to determine approximately the appa¬ 
ratus required. An elementary or line diagram will then be made and 
the exact scheme worked out. This diagram will determine the number 
and type of contactors and relays required, and the power requirements 
of the installation will determine their current rating. The next step 
is to combine the parts into a unit by arranging to mount them on a 
common base, which is usually a slate or composition panel. The 
panel, in turn, will be mounted on a framework, or in an enclosing 
cabinet, which may also be arranged to mount any resistor material 
that is required. Pilot devices are usually complete in themselves and 
separately mounted. 

Controllers are built in accordance with the rules of the National 
Electrical Code and the standards of the American Institute of Elec¬ 
trical Engineers. The majority of them also meet the standards of 
the National Electrical Manufacturers’ Association. 

Some controllers are required to meet the standards of the National 
Fire Protection Association, those of the Association of Iron and Steel 
Engineers, or those of departments of the federal government or of the 
Bn rep 11 of Mines. 
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It is the purpose of this book to describe some of the control devices 
that are in common use, and to show how they are assembled and 
connected to make a complete controller. The characteristics of vari¬ 
ous kinds of motors are described, and ways of using these character¬ 
istics in the control of the motor are discussed in detail. The design 
of magnetic structures has not been included, as that information is 
available in many textbooks. 
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WIRING DIAGRAMS 

Purpose of the Diagram. The wiring diagram sers^es a number of 
different purposes, all of which must be kept in mind in order to insure 
that the diagram is properly made. Its primaiy’^ purpose is to enable 
the wireman to locate the bus bars and control wires in their proper 
places. It also serves as an instruction and a guide in testing the 
controller. Another important purpose of the diagram is to enable 
the purchaser ol the equipment to install the wiring between the 
motor, control panel, and auxiliary devices. The diagram is also of 
assistance in locating and correcting any trouble which may develop 
or in mak‘*ng any changes which may be found necessary after installa¬ 
tion. From an engineering standpoint, the diagram serves as a record 
of the equipment supplied, and also as a basis for designing a new 
controller which may differ slightly from the original equipment. 

Definitions. There are several different forms of wiring diagrams, 
any or all of which may be made for a particular installation. 

Illustrative Diagram. An illustrative diagram is a diagram whose 
principal purpose is to show the operating principle of a device or 
group of devices without necessarily showing actual connections or 
circuits. Illustrative diagrams may use pictures or symbols to illus¬ 
trate or represent devices or their elements. 

Illustrative diagrams may be made of electric, hydraulic, pneumatic, 
and combination systems. They are applicable chiefly to instruction 
books, descriptive folders, or other mediums whose purpose is to explain 
or instruct. 

One-line Diagram. A one-line diagram is a diagram which indicates, 
by means of single lines and simidified symbols, the route and com¬ 
ponent devices or parts of an electric circuit or system of circuits. 
Physical relationships are usually disregarded. 

One-line diagrams are useful in showing the overall relations between 
component devices, machinery, and circuits, and between circuits. 

Schematic Diagram or Elementary Diagram. A schematic or ele¬ 
mentary diagram is a diagram which shows all circuits and device 
elements of an equipment and its associated apparatus, or any clearly 

8 
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defined functional portion thereof. Such a diagram emphasizes the 
device elements of a circuit and their functions as distinguished from 
the physical arrangement of the conductors, devices, or de\dce elements 
of a circuit system. 

To emphasize the device elements and show their functional rela¬ 
tionships and sequence, physical relationships of devices and device 
elements are usually disregarded. Circuits are usually drawn in the 
most direct possible line between and perpendicular to parallel lines 
representing opposite polarities of voltage sources, and circuits which 
function inherently in a definite sequence are arranged to indicate that 
sequence. 

Schematic or elementary diagrams are useful where electrical rela¬ 
tionships of circuits and device elements are the principal consid¬ 
eration. 

Connection Diagram. A connection diagram is a diagram which 
shows the connections of an installation or its comi)onent devices, 
controllers, and equipment. It may cover internal or external connec¬ 
tions, or both, and will contain such detail as is needed to make or 
trace connections that are involved. It usually shows the general 
physical arrangement of devices and device elements, and also acces¬ 
sory items, such as terminal blocks, and resistors. 

(A connection diagram excludes mechanical drawings, commonly re¬ 
ferred to as wiring templates, wiring assemblies, caole assemblies, etc.) 

Controller Diagram. A controller diagram is a diagram showing the 
electric connections between the parts comprising the controller, and 
indicating the external connection. 

Construction Diagram. A construction diagram is a diagram indi¬ 
cating the physical arrangement of parts, such as wiring, busses, and 
resistor units (example: a diagram showing the arrangement of grids 
and terminals in a grid-type resistor). 

Interconnection Diagram. An interconnection diagram is a special 
form of diagram which shows only the external connections between 
a controller and associated machinery, equipment, and extraneous 
components. 

Control Sequence Table. A control sequence table is a tabulation 
of the connections which are made for each successive position of the 
controller. 

Order of Procedure. The diagrams necessary for a control equip¬ 
ment are made up in the following order: (1) the elementary diagram, 
(2) the control sequence table, (3) the controller diagram, (4) the 
construction diagram. This order is logical because, when an engineer 
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starts to design a controller, he must first work out the elementary 
design in order to arrive at the proper functioning of the equipment. 
The control sequence table is then made to indicate which contactors 
are closed on each point of the control. After these two diagrams have 
been made, the next step is to detennine the apparatus which is to be 
used on the control panel, and to make a layout drawing of the panel. 
One of the points which determines the arrangement of apparatus on 
a panel is the wiring, as it is desirable to arrive at the simplest and 
shortest arrangement of wires. The elementary diagram will serve 
as a guide for the layout of the work. After the panel layout has been 
made and the arrangement of the devices determined, work can be 
started on the controller diagram. This diagram will show the appa¬ 
ratus in its proper arrangement, and it is the one which the wireman 
will use. 

The construction diagram cannot be completed until the working 
drawings of the panel are completed, and in order to make the con¬ 
struction diagram it will be necessary to know the location of each 
stud to which a wire or bus bar is connected. This drawing then shows 
the actual lengths and shape of bars or wires which are used. Evi¬ 
dently a construction diagram is required only when a number of 
duplicate controllers are being made. A diagram of this kind permits 
the wireman to prepare all the wires and bus bars in advance, making 
all duplicate ones at the same time and so securing the benefits of 
quantity manufacture. 

Extremely simple controllers will not require an elementary diagram 
or a sequence table. 

An external wiring diagram will ordinarily be made up only when 
it is impossible or undesirable to show all the connections involved 
on a single diagram. If such a diagram is made, adequate cross- 
references should be supplied between it and the controller wiring 
diagram. 

Designation of Devices. Devices such as contactors, relays, and 
limit switches are designated by letters as given in the NEMA standard 
table w’hich follows. So far as possible, letters which fit the function 
have been selected, as BR for brake. Where there is more than one 
device of the same function, numbers are affixed to identify them, as 
IJBi?, 2BRy etc. Letters with suffixed numbers designate a connection 
terminal. For example, IBR is a brake relay, but BRl is the marking 
for the terminal stud to which the brake is connected. LI and L2 
designate line terminals, but IL and 2L are contactors used in the 
lowering direction of a hoist or an elevator controller. 
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Armature accelerator 

A 

Final limit, up 


LSU 

Armature shunt 

AS 

Final limit, down 


LSD 

Balanced voltage 

BV 

Forward 


F 

Brake 

BE 

Full field 


FF 

Brake contactor or relay 

B 

High speed 


FS 

Circuit breaker 

CB 

Hoist 


H 

Compensator, running 

RUN 

Jog 


J 

Compensator, starting 

S 

Kickoff 


KO 

Control 

CR 

Limit switch 


LS 

Control power transformer CFT 

Lowering 


L 

Decelerating contactor 

DE 

Low speed 


SS 

Down 

D 

Low torque 


LT 

Dynamic braking 

DB 

Main or line 


M 

Field accelerator 

FA 

Master switch 


MS 

Field decelerator 

FD 

Maximum torque 


MT 

Field discharge 

FD 

Open phase relay 


OPR 

Field failure (loss of field] 

) FL 

Overload 


OL 

Field forcing (decreasing) 

FD 

Plug 


P 

Field forcing (increasing) 

FA 

Reverse 


R 

Field protective (fiel 1 


Series relay 


SR 

weakened at standstill) 

FP 

Slowdown 


SD 

Field weakening 

FW 

Thermostat 


TS 

Final limit, forward 

LSF 

Time 


TR 

Final limit, reverse 

LSR 

Up 


U 

Final limit, hoist 

LSU 

Undervoltage 


UV 

Final limit, lower 

LSD 

Voltage relay 


V 

Abbreviations. It 

is sometimes 

necessary to use abbreviations on 

diagrams. In order that the meaning shall be clear and that confusion 

between the diagrams of different manufacturers may be eliminated, 

NE]MA has compiled the list of standard abbreviations 

given below: 

A1 ternat ing-current 


Degree centigrade 

C (not 

°C) 

(adjective) 

a-c 

Degree Fahrenheit 

F (not 

°F) 

Ampere (s) 

amp 

Diameter 

diam 


Ampere-hour (s) 

amp-hr 

Direct-current 



Average 

avg 

(adjective) 

d-c 


Brake horsepower 

bhp 

Efficiency 

eff 


Brinell hardness number 

Bhn 

Electric 

elec 


British thermal unit(s) 

Btu or B 

Electromotive force 

emf 


Center to center 

c to c 

Engineer 

engr 


Centimeter 

cm 

Engineering 

engg 


Circular 

cir 

Feet per minute 

fpm 


Circular mils 

cir mils 

Feet per second 

fps 


Conductivity 

cond 

Foot (feet) 

ft 


Constant 

const 

Foot-pound (s) 

ft-lb 


Counterelectromotive 


Frequency 

spell out 

force 

cemf 

Gallon (s) 

gal 


Cubic 

cu 

Horsepower 



Cubic foot (feet) 

cu ft 

Hundred 

C 


Cubic inch(es) 

cu in. 

Inch(es) 

in. 
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Inch-pound (s) 

in.-lb 

Pound-foot (feet) 

Ib-ft 

Kilogram (s) 

kg 

Pound-inch (es) 

lb-in. 

Kilovolt (s) 

kv 

Pounds per square 


Kilovolt-ampere (s) 

kva 

inch 

spi 

Kilowatt (s) 

kw 

Power factor 

spell out or pf 

Kilowat t-hour (s) 

kwhr 

Reactive kilovolt¬ 


Logarithm (common) 

log 

amperes 

kvar 

Logarithm (natural) 

loge or In 

Reactive volt-amperes 

var 

Magnetomotive force 

mmf 

Revolutions per minute 

rpm 

Maximum 

max 

Revolutions per second 

rps 

Megohm(s) 

spell out 

Root mean square 

rms 

Mho(s) 

spell out 

Second (s) 

sec 

Mile(s) per hour 

mph 

Specific gravity 

sp gr 

Milliampere(s) 

ma 

Specific heat 

sp ht 

Millimeter (s) 

mm 

Square 

sq 

Millivolt (s) 

mv 

Square foot (feet) 

sq ft 

Minimum 

min 

Square inch(es) 

sq in. 

Minute (s) 

min 

Square root of mean 


National Electrical Code 

NEC 

square 

rms 

Ohm(s) 

spell out 

Standard 

std 

Ounce (s) 

oz 

Temperature 

temp 

Ounce-foot (feet) 

oz-ft 

Thousand 

M 

Ounce-inch (es) 

oz-in. 

Volt(s) 

V 

Potential 

spell out 

Volt-ampere (s) 

va 

Potential difference 

spell out 

AVatt(s) 

w 

Pound (s) 

lb 

Wat t-hour (s) 

whr 


Note that periods are omitted except after in. (inch). 


Marking of Terminals. A list of standard terminal markings is 
given below. These markings are used only for terminals to which 
connection must be made from outside circuits or from auxiliary de¬ 
vices which must be disconnected for shipment. They are not intended 
to be used for internal machine connections. The letters for terminal 
markings should not be used for markings other than those listed in 
the table. All terminals should be marked with some designation, and 
connection- })»3tween devices should be marked at both ends. Control 
circuit terminals or studs should be numbered in sequence from 1 up, 
preferably from those beginning at the master switch. The number 9 
should be avoided as the marking tag may easily be inverted and 
confused with the number 6. Studs and terminals which are connected 
together should have the same number. 

Wires leading from stud to stud on a controller, but not to any 
external connection, may be numbered on the diagram for convenience, 
but such numbrrs need not be marked on the control. 
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Direct Current 

Alternating Current 

Brake 

B1-B2— jB3, etc. 

B1-B2-B3, etc. 

Brush on commutator (armature) 

A1-A2 

H1-H2-H3, etc. 

Brush on slip ring (rotor) 


Ml-Jlf2-M3, etc. 

Field (commutating) 

C1-C2 


Field (series) 

SI-S2 


Field (shunt) 

F1-F2 

F\-F2 

Line 

L1-L2 

L1-L2-L3, etc. 

Resistor (armature) 

R\—R2—R^y etc. 

R1-R2-R3, etc. 

Resistor (shunt field) 

71-T2-F3, etc. 


Stator 


7’1-T2-T3, etc. 

Transformer (high-voltage) 


Hl-H2r-HS, etc. 

Transformer (low-voltage) 


X1-X2-X3, etc. 

Transformer (testing winding) 


71-72-73, etc. 

Symbols. The symbols on wiring diagrams to 

represent contactois, 


relays, and other devices were at one time practically outline diagrams 
or pictures of the device. However, this method of showing the device 
has been very much simplified in order to reduce the time and expense 
of making the diagrams. It is not essential to show a symbol which 
looks like the device if the symbol is so made that the wiring to the 
various parts of the device is apparent and the operation of the device 
easily determined from the symbol. Some of the symbols commonly 
Used by control manufacturers are shown on the following pages, but 
space permits showing only a few. For a comph te list see American 
Standard Z32. 

The usual practice is to indicate the function of each part of a 
device by a standard symbol; that is, there is one symbol representing 
a power contact, another representing a coil, a third symbol for an 
interlock, etc. These symbols are then arranged in a definite location, 
according to the way the complete device is built. That is, the coil 
may be on the left of the contacts, or it may be on the right of the 
contacts, but in either case the same symbols for both coils and con¬ 
tacts are used. 

Elementary Wiring Diagram. In making the elementary wiring 
diagram, the first essential is simplicity. The two power lines should 
be drawn vertically on the sheet, and the devices should be connected 
between them in as near to a straight-line run as possible. The whole 
purpose of this diagram is to enable the scheme to be easily determined 
and easily understood. In order to aid in simplicity, it is permissible 
to separate the parts of a device and show them in different portions 
of the diagram. 
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Capacitor, fixed 


Capacitor, adjustable 


Air circuit breaker (one pole) 


Power circuit breaker (one pole) 


Three-pole power circuit breaker 
(single throw) (with terminals) 


Three-pole power circuit breaker 
(double throw) (with terminals) 


Rotary auxiliary switch 
(with terminals) 


Non-magnetic-core inductors, 
reactors, and coils 





Handle 

Closed position indicated 
by diagonal line 


r>r>nr\ or 


Magnetic-core inductors, 
reactors, coils, etc. 


onrv^ or 
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Operating coil 


Blowout coil 


' Mechanical connection or shield 

I- 

I 

I Mechanical connection with fulcrum 


I Mechanical interlock 
I _ 


Direct-connected units 


Conductors 


Spliced conductors, or change 
of type or size 


Crossing or conductors not connected 


I Crossing of connected conductors 

I_ 

I Ground connection 

I_ 


; Conduit or grouping of leads 



Conductor with polarity mark 
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Normally closed contact (NC) 


Normally open contact (NO) 

± 

T 

NO contact with timed 
closing (TC) feature 

:}: TC 

NC contact with timed 
opening (TO) feature 


Three-pole electrically operated 
contactor with blowout coils and 

2 NO 8tl NC auxiliary contacts 


Single-pole electrically operated 
contactors without blowout coil, 
with operating coil and series holding 
coil 1 NC auxiliary contact 

o. 

< 

> 1 

> 

■o 

> 

f) ; 

Fuse 

[□1 

Instruments showing terminals. 

ammeter 


3 0 or 2 0, 3-wire squirrel-cage 
induction motor or generator 

C) 

3 <t> wound motor induction motor, 
synchronous induction motor, 
or induction generator 

^ ■ 

3 0 synchronous motor or 
generator or capacitor 


D-c series motor or 2-wire 
generator with commutating and/ 
or compensating field winding 

b 

-c> 

^ 1 

D-c shunt motor or 2-wire 

generator with commutating and/ 

or compensating field winding 1 


IS 

1 
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Dry or electrolytic rectifier: (for 
schematic or elementary diagram) 

1 " 

Half wave Full wave 

Resistor, fixed 

With leads 

C3> 

With terminals 

Resistor, continuously adjustable 


Rheostat 

o 

-0 

Knife switches 

o p 

7 or // 

O 0 

Pushbutton open and closed I 

(spring return) 

n 1 r> 

O O 

Pushbutton open and closed 
(non-spring return) 

0 ® 


All connected apparatus shown on the controller diagram should 
also be shown on the elementaiy diagram, including meters, instrument 
transfonners, and limit switches. 

All terminal markings should appear in the elementary diagram and 
must agree with those on the controller diagram. 

If the elemental^” diagram is made on a sheet separate from the 
controller diagram, a cross-reference should be included on both. 

Incoming lines should go first to the upper clips of the knife switch 
and from the blades of the knife switch to the fuses. This insures that 
the fuse is dead when the knife switch is open. Knife switches should 
open in the direction of gravity. 

Terminals A1 and FI should be connected to the LI side of the line. 
Terminals A2 and F2 should be connected to the L2 side of the line. 

In a two-phase, four-wire system, LI and L3 are one phase, L2 and 
L4 are the other phase. Alternating-current diagrams should be made 
to show the four lines and should contain a note that for three-phase 
supply T3 and r4 are connected together. Control circuits must there¬ 
fore be connected between Li and L2, and series overload coils must 
be in lines L1-L4. 
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The series coils and the contacts of a device should be of the same 
polarity. It is also advisable to arrange the circuits so that two sets 
of interlock fingers on the same contactor are of the same polarity. 
When showing double-coil relays it is better not to attempt to indicate 
the electrical relation of the windings, but instead to add a note ex¬ 
plaining the polarity of the coils. 

When two or more coils are connected in parallel, they are likely 
to cause sluggish operation of the contactor owing to discharge between 
the coils. This is especially true with large contactors or with those 
of different sizes. It is advisable to separate the coil circuits. When 
two or more large coils are connected in series, they do not build up 
together, and the contactors are likely to close in sequence instead 
of closing together. 

Resistance connected in parallel with the coil slows up the dropping 
out of the contactor. The lower the ohmic value of the resistor, the 
more slowly the contactor will open. Resistance in series with a coil 
does not delay the opening of the contactor but increases the speed 
of closing. 

A capacitor connected in parallel with the coil may cause the con¬ 
tactor to operate either faster or slower. Capacitors are sometimes 
used in this manner in order to cut down arcing on pilot contacts which 
are handling a coil circuit. Care is necessary in applying them to 
avoid trouble in the event of a capacitor failure. 

Master controllers and pushbuttons should be connected in the line 
opposite to the grounded line. When two masters operate a single 
control panel, care is necessary to avoid improper operation which 
may occur if both masters are moved at the same time, or if the 
second one is moved after the first one has been operated. 

When two or more panels are operating in a tandem arrangement, 
it is usually better to have only one control knife switch and one set 
of fuses. It will be evident that, if more than one are used, they must 
be connected either in series or in parallel. If they are in series, no 
particular purpose is accomplished by having more than one; if they 
are in parallel, it is necessary to open all of them in order to disconnect 
the circuit. 

When contactors having carbon-to-copper tips are used, the current 
must flow from the carbon to the copper in order to obtain reasonable 
life of the contact tips. In this case it is necessary to indicate polarity 
on the diagram. 

Wherever it is possible to open the shunt field without a discharge 
path, a field discharge resistance should be shown. Some non-reverse 
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controllers have a discharge path through the armature and the con¬ 
troller resistor; a separate discharge resistor is then not necessary. 

When limit switches are used, it is advisable to connect the coils 
of the main contactors behind the limit switch contacts if possible, 
and not to depend upon relays alone to open the main contactor coils. 



Fig. 1. Wiring of a Large Conti oiler. 

Controller Wiring Diagrams. A controller wiring diagram it a 
picture of the wiring on the panel and that to the external devices. 
Consequently, the various devices mounted on the panel are shown in 
their relative locations, and all terminals, interlocks, etc., which are 
furnished are shown whether they are connected or not. The contacts 
of pushbuttons, relays, contactors, etc., are shown in the normal posi¬ 
tion with power off. 

If the elementary diagram is made on a sheet separate from the 
controller diagram, cross-references should be included on both. 

Connections are preferably showm looking at the rear of the panel, 
when the wire is to be on the rear, as it is from this side the wireman 
looks, and it is also from this side that any changes are to be made. 
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Standard symbols and standard markings for contactors, relays, 
terminals, and auxiliary devices should be used wherever possible. 

The lines indicating the wires should be at least % inch apart and 
should be either horizontal or vertical. Crosses and right-angle turns 
should be kept at a minimum. Double crosses should be avoided. 
Heavy lines indicate the main motor circuits, such as the motor 
armature, series field, series brake, and dynamic braking connections. 
Light lines indicate control circuits and shunt field and shunt brake 
connections. The difference between light control wiring and heavy 
control wiring must be readily distinguished. The light lines should 
be heavy enough to print well, and the heavy lines light enough not 
to appear cumbersome. 

Incoming leads should be shown outside of the panel limits until 
directly opposite to the terminal to which they connect. When there 
are more than three wires between the panel and other devices, the 
wires should be shown in cable to simplify the wiring and make the 
diagram easier to read. 

The armature, fields, and brake associated with one motor should 
be shown close together. If more than one motor appears on the 
diagram, the resistor and accessories applying to each motor should 
be grouped as well as possible. 

The control terminals should be so arranged that wires running to 
the same external device (master, limit switch, etc.) are connected 
to terminals that are grouped together. Connections from meters to 
their shunts must be made directly, and must not pass through termi¬ 
nals on their panels. 

Resistors mounted directly on the panel should be shown in their 
relative positions. A resistor in a frame behind the panel may be 
shown in any convenient position on the diagram within the panel 
limits, or, if this complicates the diagram, it may be shown separate 
from the panel. If it is shown sei)arate, a note should be included, 
saying: “Resistor connected to similarly marked points on control 
panel.^’ Resistors which are not mounted on the panel or on a frame 
at the rear of the panel should be shown outside the panel limits on 
the diagram. 

A contactor sequence table should be included on diagrams for multi¬ 
speed magnetic contactor controllers. 

Identical Panels. When two or more identical panels are shown on 
one diagram it is preferable to indicate complete internal connections 
for one only. The other panels may be represented by an enclosure 
including the terminals for outgoing connections, and a note stating 
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that connections for panel 2 are the same as for panel 1. When two 
or more panels are identical except for a few connections, it is permis¬ 
sible to show complete connections for one only, and the changed 
connections only for the others. A note should then be included 
stating that connections for panel 2 are the same as for panel 1 
except as shown. 

Grounding. Any metal device, or metal part of a device, which is 
mounted on a control panel and might reasonably be expected to be 
dead, must be grounded to the panel mounting frame. Grounding 
wires should be showm on the diagram. This includes instrument 
cases, pushbutton cases, lamp sockets, and manual operating levers 
or metal enclosures, but not contactor levers. 

Controller Construction Diagram. This diagram, in general, should 
be a picture of the rear of the panel and should show all parts to 
scale, although no dimensions need to be given. The drawing should 
include not only the wires and bus bars, but also the various nuts, 
washers, and lock washers necessary to the assembly, and also the 
method of assembling the wires to the studs. 

Resistor Diagrams. Diagrams for self-contained resistors are made 
only for manufacturing purposes and are really assembly drawings 
for the material. However, if the resistor is separately mounted it 
is necessary to make a diagram to enable the purchaser to install and 
connect the resistor properly. A diagram of this type should show 
the resistor frames in outline as well as the location and marking of the 
terminals, the number of leads or units in each step, and the inter¬ 
connection of the various frames. If the frame has a type number 
stamped on its name plate for identification, this number should be 
indicated on the diagram as a guide to the purchaser. Diagrams 
should also include the ohmic value of each step of resistance, and 
directions for mounting and installing. The terminal markings must, 
of course, agree with those on the main wiring diagram. 

It is customary, in direct-current work, that a step marked B1 
shall be the first one short-circuited in acceleration. In three-phase 
alternating-current work, the steps marked I?l, Rll, and 2221 are the 
first ones short-circuited. 

Rotes. It is sometimes necessary to furnish explanatory notes on 
a main diagram. It is good practice to group these notes in one loca¬ 
tion on the sheet and number them. Reference to the notes may then 
be made by numbers located at the proper points on the diagram. 
Some of the points that it is sometimes necessary to cover by such 
notes are listed below: 
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On three-phase diagrams it is desirable to include a note saying: 
connection is made to a three-phase system, one line of which is 
grounded, make L2 the grounded line.’^ 

Where current transformers are furnished a note should state: ^The 
Secondaries of current transformers should be grounded; if they are 
mounted on the back of the panel, securely ground them to the frame 
before shipment.” 

Diagrams should show a note to cover the grounding of supports 
or enclosing case. This applies also to drum frames: ‘‘Panel supports 
should be grounded.” “Enclosing cases should be grounded.” 

If the purchaser is to make changes in the standard wiring of the 
controller, each such wire should be marked: “Purchaser to make (or 
remove) connections.” 

Material shown, the use of which is optional, should be marked: 
“If used.” 

Material shown but furnished by the purchaser should be marked: 
“Not furnished by manufacturer.” 

If mechanical interlocks between contactors are used and the dia¬ 
gram does not otherwise indicate them, a note should state which 
contactors are so interlocked. 

On diagrams showing a field discharge resi>tor not furnished by 
the manufacturer, a note should state: “Field discharge resistance 
recommended (not furnished by manufacturer).” 

If accessories such as limit switches are used with devices to which 
they are mechanically connected, the fact should be noted unless 
perfectly obvious: “Limit switch geared to winding drum.” 

Typical Examples. A manufacturer of control apparatus finds it 
necessary to make a ver>" great number of diagrams. For instance, 
a typical controller selected at random from a manufacturer's catalog 
showed the following possible variations. The controller was a revers¬ 
ing direct-current magnetic equipment, and six different sizes were 
listed to cover various horsepower ratings. Options were given for 
the omission of the main knife switch and also for that of the overload 
relays. Further options w^ere given for the addition of a low-voltage 
protective relay and an open-field protective relay. The controller, 
though intended for a series motor, could be used with a compound 
motor by the addition of a field discharge resistance and a clip on 
the knife switch. An enclosure could be supplied, if required, which 
would probably necessitate a different arrangement of the parts on 
the panel. The controller was arranged to operate from either a 
two-speed or a multispeed master. If all these various options are 



WIRELESS DIAGRAMS 


multiplied out, their combinations give a total of 768 possible diagrams 
for this one type o^ controller. 

It must further be considered that any change in the arrangement 
of the parts on the panel, or any additions to or subtractions from 
these parts, or any change in the details of a part which would cause 
a change in the symbol w’ould render all these diagrams obsolete and 
necessitate a complete new’ set. When it is considered that a manu¬ 
facturer lists many different standard types of control and is also 
called upon constantly to supply many entirely new’ and special de¬ 
signs, it w’ill be evident that the number of diagrams required is very 
great. 

The follow’ing examples are mentioned merely to show’ some different 
forms from the standpoint of the mechanical make-up of the diagram 
rather than from that of the circuit design. 

Figure 72 show’s a compound manual-type starter and speed regu¬ 
lator for a direct-current motor. The starter has an armature resistor 
for starting purposes and a field resistor for regulating purposes. The 
method of show’ing the buttons for the armature resistor and the field 
resistor, the levers, and the low’-voltage release magnet may be clearly 
seen. 

Figure 77 show’s a direct-current reversing drum-type controller. 
The cylinder is developed in the same manner as that of a drum-type 
master controller. The resistor show’n is separately mounted. This 
diagram illustrates the use of dotted lines to show’ optional features, 
and notes in connection w’ith these features 

These tw’o figures are representative of main or controller wiring 
diagrams. 

Figure 202 is a line diagram of an alternating-current magnetic 
controller w’hich is master-operated. 

Figure 131 illustrates a line diagram of a direct-current controller 
W’hich is master-operated, and w’hich is arranged to make a complete 
cycle and stop each time the master controller is moved to the on 
position. The stopping is under control of limit sw’itches, which are 
showm in their proper place in the circuit. These limit switches are 
of the rotating-cam type, and the small auxiliary sketch shows the 
portion of the cycle during w’hich each contact is closed. 

Wireless Diagrams. It is possible to make a controller wiring dia¬ 
gram w’ithout actually draw’ing lines to indicate the wures. The device 
symbols, designations, and terminal markings are the same as for 
the conventional diagram, and the devices are show’n in their proper 
relative location. Points on each device w’hich are to be connected 
together are given like numbers, and the wiring desired is then shown 
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in tabular form. For example, if a wire is to connect between contacts 
on contactors F, i?, and DB and this wire is given the number 6, then 
there will be a point numbered 6 on each of the three device symbols, 
and a line of the table will be: 

6 F R DB 

The wireman sees from the table that wire 6 runs to the three devices 
indicated, and by looking at the symbol for each device he sees exactly 
where wire 6 is to be connected. 

This method is said to save time in wiring. It undoubtedly saves 
drafting time, and makes changes in the diagram much easier to 
accomplish. 
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Problems 

Make schematic diagrams for the following controllers: 

1 . A non-reversing pushbutton-operated controller for a shunt motor, consist¬ 
ing of 


DPST knife switch. 

2 single-coil overload relays. 

2 main line contactors. 

3 accelerating contactors without timing. 

Resistors. 

Start-stop pushbuttons. 

2. A controller duplicating that of problem 1, except with the addition of 
dynamic braking and a field discharge resistor. 

3 . A controller duplicating that of problem 1, except with the addition of a 
field rheostat, a field-loss relay, and some means of short-circuiting the rheostat 
during acceleration. 

4 . A controller duplicating that of problem 1, except with the addition of a 
jogging pushbutton. 

6 . A reversing pushbutton-operated controller for a series motor, consisting of 

DPST knife switch. 

2 single-coil overload relays. 

1 main line contactor. 

4 SP reversing contactors. 
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3 accelerating contactors without timing. 

Resistors. 

For ward-re verse-stop pushbuttons. 

6. A controller duplicating that of problem 5, except operated by a four-speed, 
drum-type master coni roller instead of by pushburtons, and having a no-voltage 
relay. 

7 . A controller duplicating that of problem 1, but with the addition of three 
series relays for current-limit acceleration. 

8 . A controller for starting and reversing two series motors in parallel, con¬ 
sisting of 

DPST knife switch. 

3 single-coil overload relays. 

1 main line contactor. 

8 SP reversing contaf'tors 

2 SP plugging contactors. 

3 SP accelerating contactors without timing. 

No-voltage relay. 

Resistors. 

Four-speed, drum-type master controller. 

9. A controller duplicating that of problem 5, except equipped with a shunt 
brake, and wdth 2 SP limit switches, one for stopping in each direction of travel. 

10 . A controller duplicating that of problem 1, except wdth the addition of a 
normally closed armature-shunt contactor and resistor, and with individual dash- 
pot timing relays for controlling the accelerating contactors. 

11 . A reversing magnetic controller, master-operated, fo» a 50-horsepower 230- 
volt series motor driving a crane bridge. Use inductive timing without inductor. 

12. A reversing controller for a squirrel-cage motor, consisting of 

TPST disconnect device. 

3 single-coil overload relays. 

2 three-i)ole contactors. 

Shunt brake. 

Fonvard-revcrse-stop pushbuttons, 

13 . A reversing autotransformer starter for a squirrel-cage motor, consisting of 

1 three-pole circuit breaker. 

3 single-coil overload relays. 

2 three-pol(‘ contactors for reversing. 

1 five-pole contactor for starting. 

1 three-pole contactor for running. 

2 autotransformers. 

1 dashj^ot timing relay operated by starting contactor. 

Forward-reverse-stop pushbuttons. 

14 . A non-reversing, primary-resistance increment starter for squirrel-cage 
motor, consisting of: 

1 three-pole line contactor. 

3 single-coil overload relays. 
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3 three-pole resistor commutating contactors. 

3 dashpot timing relays operated by contactors. 

Resistor in three phases. 

Start-stop pushbutton. 

15 . A selective controller for the motor of Fig. 188. 

16 . A variable-frequency control for three squirrel-cage motors. This consists 
of a direct-current motor with a non-reverse three-step time-limit controller, and 
an alternator driven by the motor. Each squirrel-cage motor is equipped with 
an across-the-line magnetic starter with overload and disconnecting circuit breaker. 
A field rheostat controls the speed of the direct-current motor. 

17 . A controller for a wound-rotor motor, similar to the controller of Fig. 200. 
except reversing, and operated by a four-step drum-type master controller. Note 
that undervoltage relay mast be added. 

18 . A controller for a synchronous motor, similar to the controller of Fig. 219, 
except with single-step ]>rimary-resi^tance ^talting 

19 . A controller of the part-winding type like Fig. 181, with the addition of a 
step of resistance in each leg of the first section of the motor winding, and a 
timed contactor to shor+-circuit the resi'^tor befoie the second section of the 
winding is energized. 

20 . A cr'ntroller for a wound-rolor motor like the controller of Fig. 200, except 
with three-phase series relay acceleration, and with a four-])oint ma^ter controller 
instead of a pushbutton. 

21 . Complete the diagram of Fig. 201 by drawing the ma'^ter and control circuits. 

22 . Make a sequence table for the controller of Fig. 201, showing the contactors 
which are closed on each point of the ma.4er controller. 
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CONSTRUCTION OF CONTROL APPARATUS 

Material for Panels. The material used for control panels is gen¬ 
erally slate, asbestos composition, or steel. The best variety of slate 
is known as ilonson slate; it is free of iron and other impurities and 
may safely be used for up to approximately 1600 volts. Other varieties 
of slate are satisfactory for many purposes provided that they are 
reasonably free of impurities. In general, tlieir use is limited to 
approximately 1000 volts. The slate, after being drilled, is either 
sprayed with an insulating finish or oiled. 

The asbestos composition is used for many purposes and especially 
for voltages above 1600. It ha^ a slightly greater tendency to take 
uj) moisture. The asbestos composition excels slate chiefiy in its re¬ 
sistance to impact and volume resistance. The impact strength of 
the composition is two to four times that of slate. On the other hand, 
^late has about twice the resistance to rupture. The cost of working 
the materials is about the same. 

Fabric-base phenolic material is sometimes used for control panels 
because of its strength. It has a tendency to char under arcing; also, 
it is too expensive for general use. 

Steel panels, being strong and relatively inexpensive, are being used 
in increasing quantity. The apiiaratus mounted on steel must be of 
dead-back construction having terminals on the front. Steel panels 
are wired on the front. 

Arrangement of Panels. A number of factors enter into the arrange¬ 
ment of apparatus on a panel. The common method of making such 
layouts is to use paper templates cut to the exact size and shape of 
the various pieces of equipment which are to be mounted. These 
templates may then be laid out on a table and shifted around until the 
best arrangement is found. One of the first considerations is to make 
the size of the panel as small as possible, both from a cost standpoint 
and also because space is important in most installations. Appearance 
is another consideration. The parts should be arranged symmetrically 
and should be lined up as nearly as possible. 

Both the internal wiring of the panel and the external wiring, which 
the user must install, should be considered in making a layout. It is 
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important to have the wires and bus bars on the panel as short and 
as straight as possible, and also to have a minimum number of heavy 
connections. The tenninals to which the user will connect his cables 
should be placed in an accessible position; it is generally advisable 
to group them either at the top or at the bottom of the panel. 

It is preferable to have the heavier pieces of apparatus mounted 
near the bottom of the panel, so that it will not be top-heavy. It is 
also advisable to mount oil dashpots, or other devices using oil, near 
the bottom so that if there is leakage the oil will not run down onto 
other pieces of apparatus. Dashpots and other devices which require 
adjustment should be located so that the adjustment is accessible. 

Knife switches should be arranged to open in the direction of gravity 
and should be mounted at a convenient height. For ease of reading, 
meters and instruments should be mounted at api^roximately eye level. 
Current and potential transfonners, if mounted on a panel, are usually 
mounted on the rear, metal straps or supports being used for the 
purpose. 

Thermal overload relays are preferably mounted at the bottom of 
the panel, especially if the panel is enclosed. Heat generated by other 
devices will rise to the top of the enclosure and so will not be likely 
to affect the operation of the thermal devices. 

If panels are enclosed, adequate ventilation must be provided, and, 
for dust-tight equipment, it may be necessary to make the enclosure 
relatively large in order to prevent overheating of the apparatus in it. 

Line contactors, or other contactors in which considerable arcing 
occurs, are preferably mounted at the top of the panel, so that the 
arcing will not affect other apparatus on the panel. It is necessary 
to provide adequate clearance in the direction of the arc. Minimum 
clearances are given in Table 1. 

Open-type Frames. Small panels are usually mounted on a frame 
of sheet metal having a wire grillwork at the top and bottom for 
ventilating purposes. The resistor material is then mounted either 
on the rear of the panel or to the sides of the frame. Larger panels 
may be mounted on angle-iron or pipe framework. If the resistor 
is to be separately mounted, the panel framework may consist merely 
of upright angles, or it may have, in addition, cross-angles to increase 
the strength. If the resistor is mounted as part of the controller, a 
floor frame of angle iron with sheet-metal sides and back is used. 
The resistor is then mounted at the sides of the framework. 

For crane or coal bridge installations, or any installation in which 
the floor panel may be under severe vibration or strains, it is customary 
to use a heavy frame of angle iron and to divide the slate panel into 
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a number of small sections to lessen the danger of breakage. This 
construction is relatively expensive and does not present so good an 
appearance as the switchboard construction, but it does very greatly 
increase the strength of the equipment. 

For an example of open-frame construction see Fig. 218. 

Definitions. The following definitions, applying to the construction 
and the enclosure of controllers, are quoted from NEMA Industrial 
Control Standards. 

Gas-proof apparatus is apparatus so constructed or protected that 
the specified gas will not interfere with its successful operation. 

Gas-tight apparatus is apparatus so constructed that the specified 
gas will not enter the enclosing ease under specified conditions of 
pressure. 

Fume-Resistant apparatus is apparatus so constructed that it will 
not be readily injured by the specified fumes. 

Dust-proof apparatus is apparatus so constructed or protected that 
the accumulation of dust will not interfere with its successful operation. 

Dust-tight apparatus is apparatus so constructed that the dust will 
not enter the enclosing case. 

Moisture-resistant apparatus is apparatus so constructed or treated 
that it will not be readily injured by moisture. Such apparatus shall 
be capable of operating in a very humid atmosphere, such as that 
found in mines or evaporating rooms. 

Drip-proof apparatus is apparatus so constructed or protected that 
its successful operation is not interfered with when it is subjected to 
falling moisture or dirt. 

Drip-tight apparatus is apparatus so protected as to exclude falling 
moisture or dirt. Drip-tight apparatus may be semi-enclosed appa¬ 
ratus if it is provided with suitable protection integral with the 
ajiparatus, or so enclosed as to exclude effectively falling solid or liquid 
material. 

Splash-proof apparatus is apparatus so constructed and protected 
that external splashing will not interfere with its successful operation. 

Water-tight apparatus is apparatus so constructed that a stream 
of water from a hose (not less than 1 inch in diameter) under a head of 
about 35 feet and from a distance of about 10 feet can be played on 
the apparatus for several minutes without leakage. 

Submersible apparatus is apparatus so constructed that it will oper¬ 
ate successfully when submerged in water under specified conditions 
of pressure and time. 

Weather-proof apparatus is apparatus so constructed or protected 
that exposure to the weather will not interfere with its successful 
operation. 

Sleet-proof apparatus is apparatus so constructed or protected that 
the accumulation of sleet will not interfere with its successful op¬ 
eration. 

Acid-resistant apparatus is apparatus so constructed that it will not 
be readily injured by acid fumes. 
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Types of Enclosures. NEMA defines standard types of non- 
ventilated enclosures as outlined below, and the same type numbers, 
followed by the word ^‘ventilated,” apply to ventilated enclosures. 

Type I. General Purpob>e. (Fig. 172 ) A case designed to meet 
the Underwriters’ Laboratories general specifications for enclosures 
that may be in effect from time to time, and primarily to protect 
against accidental contact. 



Fig 2. NEMA Type-IA Semi-du«at-tight Entlo^ure, Using Felt Gaskets 

Type I case is suitable for general-purpose application, indoors, and 
where atmospheric condition^ are normal. It serves as protection 
against dust and light indirect splashing, but is not dust-tight. 

Type I A. Semi-dust-tight. (Fig 2 ) A case similar to Type I, 
with the addition of a gasket around the cover. 

Type lA case is suitable for general application indoors and provides 
additional protection against dust, although it is not dust-tight. It 
has come to be known in the trade as “semi-dust-tight.” 

Type IB. Flush Type. (Fig. 3.) A case similar to Type I, designed 
for mounting in a wall and provided with a cover which also serves 
as a flush plate. 

Type II. Drip-tight. (Fig. 4.) A case similar to Type I, with 
the addition of drip shields or their equivalent. 
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Fig 3 NEMA Type-IB riiish-mounted Enclosure. 



Fig 4 NEMA T>pe-II Drip-tight Enclosure, 
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Type II case is suitable for application where condensation may be 
severe, as in cooling rooms and laundries. It meets the requirements 
of the definitions for drip-proof apparatus and drip-tight apparatus. 

Type III, Weather-resistant, (Fig. 5.) A case which provides 
proper protection against weather hazards, as rain and sleet. 

Type III case is suitable for outdoor application, as on docks, canal 
locks, and construction work, and also for application in subways and 



Fig. 5. NEMA Types-III, IV, V Weathei-resistant, Dust-tight, or Water-tight 

Enclo'sure. 

tunnels. It meets the requirements of the definitions for splash-proof 
apparatus, weather-proof apparatus, sleet-proof apparatus, and mois¬ 
ture-resistant apparatus. 

Type IV, Water-tight, (Fig. 5.) Water-tight means provided with 
an enclosing case which will exclude water applied in the form of a 
hose stream for a specified time, as stated in the following note: 

Xote, Enclosures shall be tested by subjection to a stream of water. 
A hose with a 1-inch nozzle shall be used and shall deliver at least 
65 gallons per minute. The water shall be directed on the enclosure 
from a distance of not less than 10 feet and for a period of 5 minutes. 
During this period it may be directed in any one or more directions 
as desired. There shall be no leakage of water into the enclosure 
under these conditions. 

Type V, Dust-tight, (Fig. 5.) A case provided with gaskets or 
the equivalent to exclude dust. It meets the requirements of the defi¬ 
nition for dust-tight apparatus and of the National Electrical Code 
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for Class III and Class IV locations that may be in effect from time 
to time. 

Type V case is suitable for application in steel mills, cement mills, 
and other locations where it is desirable to exclude dust. 

Type \ I, Submersible, (Fig. 6.) A case designed to operate suc¬ 
cessfully when submerged in water under specified conditions of pres¬ 
sure and time. 

Type VI case is suitable for application where it may be subject 
to submersion in water, as in quarries, mines, and manholes. The 
design will depend on the specified conditions of pressure and time. 



Type VII, Hazardous Locations, Class I, Air Break (See Note 
III), (Fig. 7.) A case de>igned to meet the application requirements 
of the National Electrical Code for Class I, Group D, hazardous loca- 
tioDfe that may be in effect from time to time, and designed in accord¬ 
ance with the UndeiWTiters’ Laboratories specifications that may be 
in effect from time to time. 

Type TV//. Hazardous Locations, Class /. Oil-immersed (See 
Note III), (Fig. 8.) A case designed for the application requirements 
of the National Electrical Code for Class I, Group D, hazardous loca¬ 
tions that may be in effect from time to time, and designed in accord¬ 
ance with the Underwriters^ Labgratories specifications that may be 
in effect from time to time, the apparatus being immersed in oil. 

Type IX, Hazardous Locations. Class II. (Fig. 9.) A case de¬ 
signed for the application requirements of the National Electrical Code 
for Class II, Groups F and G, hazardous locations that may be in 
effect from time to time, and designed in accordance with the Under¬ 
writers' Laboratories specifications that may be in effect from time 
to time. 
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Fig. 8. NEMA Type-VIII Hazardous Locations, Class I, Oil-iinmoi sod Con¬ 
troller. Oil Tank Removed. 
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Type IXA. Hazardous Locations, Class II, Group E. These en¬ 
closures are designed to meet the application requirements of the Na¬ 
tional Electrical Code for Class II, Group E, hazardous locations, 
which are in effect from time to time and are designed in accordance 
with the latest specifications of Underwriters’ Laboratories. 

Type X. Bureau of Mints, (Fig. 10.) A case designed to meet 
the requirements of the U. S. Bureau of Mines that may be in effect 
from time to time. 



Fig. 9. NEMA Tjpe-IX Hazaidoiis Locations, Class II, Groups F and G, 

Enclosuie. 


Type X case is for application in coal mines. 

Type XL Acid’- and Fume-resistant, Oil-immersed. These en¬ 
closures are suitable for application where the equipiiient is subject 
to corrosive acid or fumes, as in chemical plants, plating rooms, and 
sewage plants. The equipment in the case is immersed in oil. 

Type XU. Automotive, A Type XII enclosure has a cover con¬ 
struction meeting the requiiements of a Type lA enclosure, the coy®r 
being hinged to swing horizontally and held in place with screws, bolts, 
or other suitable fastener^, which require the use of a tool such a 
screw driver or wrench to release. The fastener parts shall be held 
in place when the door opened that they will not become lost. 
There shall be no holes through the enclosure for mounting or for 
mounting controls witliin the enclosure and no conduit knockouts or 
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conduit openings. Mounting feet or other suitable mounting means 
shall be provided. 

A Type XII enclosure is suitable for application to machine tools 
and other industrial processing machines in locations where oil or 
coolant might enter the enclosure through holes used for mounting the 
enclosure or for mounting the equipment within the enclosure or 
through unused conduit knockouts. 

Note 7. When an enclosure is required to meet the definitions of 
gas-proof or gas-tight, the selection of a suitable type will depend 



Fig. 10. NEMA Tj^pe-X Bureau of Mines Enclosure. 

on whether protection is desired against corrosion or against explosion 
and fire. 

Note II, When an enclosure is required to meet the definitions of 
acid-resistant or fume-resistant, the design will depend on the condi¬ 
tions of exposure. 

Note III. In order to standardize the practice in referring to equip¬ 
ment sometimes known as explosion-proof (Types VII and VIII) it is 
recommended that apparatus designed for use in Class I, Group D, 
locations be described in one of the following manners, whichever is 
applicable. 

1. Control listed by Underwriters’ Laboratories for use in Class I, 
Group D, locations. 

2. Control designed to conform with the manufacturer’s interpreta¬ 
tion of the UnderwTiters’ Laboratories Standards, but not listed or 
tested by the Underwriters’ Laboratories. 

3. Control of size and nature for which there are no existing Under¬ 
writers’ Laboratories standards or testing facilities. 

Note IV. When a non-ventilated enclosure is specified for equip¬ 
ment consisting in part of devices which require ventilation (electron 
tubes, resistors, etc.), it is understood that such devices may be 
mounted in a ventilated portion of the enclosure, provided that they 
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are capable of operating satisfactorily and without hazard when so 
mounted. 

Design of Enclosures. 1. There must be sufficient space within the 
enclosure to permit uninsulated parts of wire terminals to be separated 
so as to prevent their coming in contact with each other. Enclosures 
must be such as to permit proper wire connections to be made wdth 
adequate spacing of the terminals and ends of conductors from ad¬ 
jacent points of the enclosures. 

2. Exposed non-arcing current-carrying ]iarts within the enclosures 

shall have an air space between them and tlie uninsulated walls of the 
enclosure, including conduit fittings, of at least inch for 600 volts 
or less. Enclosures of sizes, material, or form not securing adequate 
rigidity must have greater spacing. A suitable lining of insulating 
material not less than y^o thickness may be considered accept¬ 

able where the spacing referred to above is less than Yj inch. 

Exception: For fractional-horsepower controllers, and other smail 
devices, of 300 volts or less, where the enclosure is rigid, an air space 
of inch is permitted between non-arcing current-carrying parts and 
the uninsulated part of the enclosure. 

3. All enclosures and parts of enclosures such as doors, covers, and 
tanks must be jirovided with means for firmly securing them in place. 
Among the available means are locks, interlocks, screws, and seals. 

4. Where the walls of the enclosure are not protected by barriers or 
by a lining of non-combustible insulating material, the arc-rupturing 
parts of the controller should have air spaces, as per Table 1, between 

TABLE 1 

Clearances between Arc-rupturino P>rts and Enclosure 


Horse¬ 

power 

Rating 

Distance from 
Contacts in 
Direction of 
Blowout in Inches 
D-c and A-c Circuits 

Vertical Distance above Contacts, | 

without Blowout in Inches 

Horizontal Distance 
from Contacts and 
Distance below 
Contacts in Inches 
D-c and A-c Circuits 

D-c Circuits 

A-c Circuits j 


300 Volts 

600 Volts 

300 Volts 

600 Volts 

! 300 \ olts 

1 600 Volts 

300 Volts 

600 Volts 

5 

m 

3 

4 

Barriers 

IH 

3 


IH 

10 

2 

4 

5 

Barriers 

2 

4 

K 

IH 

50 

3 

5 

6 

Barriers 

3 

5 

1 

2 

100 

4 

Barriers 

Barriers 

Barriers 

4 

Barriers 

2 

3 

Above 100 

Barriers 

Barriers 

Barriers 

1 

Barriers 

Barriers 

Barriers 

Barriers 

Barriers 


Note 1. All distances shall be measured from the contact tips or arc horns. 


them and the walls of the enclosure, unless a test on any specific device 
demonstrates that a smaller space is safe for that particular device. 

Material. 1. In the following paragraphs it is assumed that steel 
(or gray iron for castings) will be the metal employed. Copper, 
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bronze, and brass are sometimes used, in which case the requirements 
given for steel shall be complied with. 

2. Thicknesfi of Castings. Cast metal for enclosures, whether of 

iron or other metal, shall be at least Vg inch thick at every point and 
of greater thickness at reinforcing ribs and at door edges, except that 
die-cast metal may not be less than %2 thick for an area greater 
than 24 square inches or having any dimension greater than 6 inches, 
and may be not less than in thickness for an area of 24 square 

inches or less or having no dimension greater than 6 inches. Cast 
metal shall be at least in thickness. 

3. Sheet-metal Thickness. The minimum thickness required for 
sheet-metal enclosures varies with the size. Foi solid enclosures with¬ 
out slot or other opening, and for solid enclosures except for a slot 
for the operating handles or openings for ventilation or both, the sheet 
metal shall be of gage not less than given in Table 2, except that 
metal shall not be less tlian No. 20 USS gage in thickness at points 
where rigid conduit is to be connected. 

TABLE 2 


Minimum Thickness of Sheet-Metal Enclosures 


Maximum 

Maximum 


Without 

With 

Supporting Frame 
or Equivalent 

Volume of 

Area of Any 

Maximum 

Supporting Frame; 

Reinforcement: 

Enclosure, 

Surface, 

Dimension, 

Minimum U. S. 

Minimum U. S. 

cubic feet 

square inches 

inches 

Sheet-Steel Gage 

Sheet-Steel Gage 

¥4. 

.... 

12 

20(0.0359; 

24(0.0239) 

1 

.... 

18 

18(0.0478) 

20(0.0359) 

,, 

360 

24 

16(0.0598) 

18(0.0478) 

,, 

1200 

48 

14(0.0747) 

16(0.0598) 

,, 

1500 

60 

12(0.1046) 

16(0.0598) 

.. 

Over 1500 

.. 

10(0.1345) 

16(0.0598) 


4. All enclosures composed of wire mesh, perforated screens, or grill- 
work shall be provided with supporting frames. 

5. Ventilating openings in an enclosure, including perforated holes, 
louvers, and openings protected by means of wire screening, expanded 
metal, or perforated covers, shall be of such size or shape that no 
opening will permit passage of a rod having a diameter greater than 
% inch; except that, when the distance between live parts and the 
enclosure is greater than 4 inches, openings may be larger than those 
previously mentioned, provided that no opening will permit passage 
of a rod having a diameter greater than % inch. The wires of a screen 
shall not be less than No. 16 AWG when the screen openings are ^ 
square inch or less in area, and shall be not less than No. 12 AWG 
for larger screen openings. 

Except as noted in the following paragraph, sheet metal employed 
for expanded metal mesh, and perforated sheet metal, shall not be 
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less than No. 18 USS gage in thickness when the mesh openings or 
perforations are square inch or less in area, and snail not be less 
than No. 13 USS gage in thickness for larger openings. 

In a small device where the indentation of a guard or enclosure 
will not affect the clearance between uninsulated, movable, current- 
carrying parts and grounded metal, No. 24 USS gage expanded metal 
may be employed, provided that fa) the exposed mesh on any one 
side or surface of the device so protected has an area of not more 
than 72 square inches ami has no dimension greater than 12 inches, 
or that (b) the width of an opening so protected is not greater than 
3.5 inches. 

A floor-mounted controller for use on circuits not in excess of 600 
volts may be built without a covering for the bottom, provided that 
the surrounding enclosure is within 6 inches of the floor, and exposed 
live i)arts are not less than 6 inches above the lower edge. 

Spacings. (a) The distance between non-arcing, uninsulated live 
parts of opposite polarity and between non-arcing, uninsulated live 
parts and parts other than the enclosure which may be grounded when 
the device is installed shall be not less than given in Table 3. 


TABLE 3 

Electrical Clearances 

Distance in inches 


Rdting 

Through 

Across Clean Dry Surfaces 

in volts 

Air 

Oil 

Air 

Oil 

51- 150 

>8 

H 

Va 

K 

151- 300 

M 

Vi 


^8 

301- 600 

?8 




2001-2500 

1 

Va 

2 

1 

2501-7000 

2 

\V2 


2 

5001-7500 

3}^ 

2 

5 

3 


Note, The clearance distance should be increased for dirty or moist condi¬ 
tions. 

(h) The spacings in snap switches, lamp holders, and similar wiring 
devices supplied as part of industrial control equipment need not 
comply wdth the requirements of these standards, provided that such 
devices are not eiiqdoyed in the motor circuits. 

There are a number of conditions under which other spacings may 
be used, and anyone interested in these requirements is referred to 
NEMA Standards for Industrial Control. 

Special Service Conditions. A standard line of control equipment 
is designed to meet the requirements of the average installation, where 
the ambient temperature does not exceed 40 C, where the altitude 
does not exceed 6000 feet, and where only an ordinary amount of 
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moisture and no acid nor conducting or abrasive dust is present. If 
the conditions do not conform with these specifications, special con¬ 
struction or special protection should be provided as outlined below. 

Unusual conditions of installation usually incorporate a number of 
factors which must be carefully considered before a definite recom¬ 
mendation is made. It is therefore advisable to give complete details 
of the conditions to be met when the equipment is ordered, in pref¬ 
erence to designating any particular condition as listed below. AVith 
such information each point affecting the design can be considered, 
and the equipment best suited to the conditions can be supplied. 

A. Exposure to Damaging Fumes. Use cast-iron or welded-steel 
enclosing cases with red-lead paint and acid-resisting paint. Joints 
between case and cover should be gasketed, the material of the gasket 
depending somewhat on the nature of the fumes, but rubber and felt 
are the most common. In certain instances, oil-immersed equipment 
may be neeessaiy% but it cannot be used on direct current. For hydro¬ 
gen sulphide gas (sewage plants) use blue lead instead of red lead. 
Cadmium plating should be avoided. 

B. Operation in Damp Places. Large iron and steel parts should 
be red-lead-painted before regular painting. Bearings should be of 
bronze or brass. Enclosing cases should be of corrosion-resisting ma¬ 
terial (such as brass or aluminum) or should be red-lead-painted before 
final painting. Joints between case and cover should be gasketed with 
rubber in extreme instances. Small iron and steel parts should be well 
plated with zinc or cadmium. 

C. Exposure to Excessive Dust. Enclosing cases should be of cast 
iron or welded steel with dust-tight joints, gaskets of felt or similar 
material being used. 

D. Exposure to Gritty or Abrasive Dust. Same as Item B above. 

F. Exposure to Excessive Oil Vapor. Tliis is similar to Item A 
above. Special enclosing cases should be used, and in some instances 
oil-immersed equipment will be required. If gasketed joints arc not 
considered sufficiently gas-tight for the jiarticular installation, a very 
expensive case with wide flanges, carefully machined and fitted, will 
be requii^'d 

G. Exposure to Salt Air. Same as Item B above. 

H. Subject to Vibration, Shocks, and Tilting. Special equipment 
and construction will be required. Although modifications of standard 
parts may be used, precautions will be necessary in order to prevent 
breakage of certain parts and loosening of others. This applies to 
resistors as well as to other parts of controllers. The nature of the 
equipment required will depend upon the degree of the special condi¬ 
tions to be met. 

I. Exposure to Explosive Dust or Gases. This is similar to Item A 
above. Special enclosing cases should be used, and in some instances 
oil-immersed equipment will be required. If gasket joints are not 
considered sufficiently gas-tight or dust-tight for the particular instal- 
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lation^ a very expensive case with wide flanges, very carefully machined 
and fitted, will be required. 

J. Exposure to Weather or Dripping Water. Same as Item B above. 

K. Ambient Temperatures in Excess of 40 C but not Exceeding 80 C. 

High air temperature must be taken into consideration in the rating 

of all current-carrying parts. Unless special parts are used, this will 
result in the derating of contacts, blowout coils, etc. Shunt coils must 
also be protected or rated. 

L. High-altitude Inf<tdilations. General-purpose and special-servdce 
controllers designed in accordance with the usual standards are satis¬ 
factory for use at altitudes of 6000 feet or less. 

For altitudes greater than 6000 feet, control equipment should be 
selected as follows: 

Continuous-duty resistors should be derated to 75 per cent of their 
normal wattage rating. 

Intermittent and starting duty resistors should be applied on a duty 
cycle selected on the basis of the next higher ‘^time-on’^ classification. 

A magnetic contactor should be used to open the main line circuit 
when drum controllers are applied. 

Autotransformers and control circuit transformers should be derated 
to 75 per cent of their normal kilovolt-ampere rating. 

Built-in Apparatus. In designing control for certain applications, 
particularly in the machine-tool industrjq there is often an advantage 
in a construction which allows the control apparatus to be built in as a 
part of the machine. 

The first step toward building in the electric equipment was the 
design of the shell-type motor. This motor is sometime*^ called a 
shaftless motor, because the driving shaft is omitted and the armature 
is mounted directly on the ma^'hine spindle. The frame of che motor 
does not have any housing or any mounting feet but is clamped into 
a specially prepared cavity in the machine. 

In planning for built-in control equipment it is advisable to deter¬ 
mine the control before the machine is designed, so that the space 
provided may be suitable for the necessary control apparatus. The 
method of wiring must also be considered, and the housing arranged 
so that it will not be difficult to make a good wiring job and one that 
will present a neat appearance. Since the control panel is likely to be 
totally enclosed in a very small space, it is also necessary to consider 
the matter of temperature rise. The coils of magnetic contactors 
liberate a certain amount of heat w^hich must be conducted aw^ay. This 
is particularly true of alternating-current contactors. If thermal over¬ 
load relays are included as part of the control, the heat generated 
by the contactor must not be sufiicient to affect the tripping point of 
the overload relay. If starting resistance is used, a greater amount 






Fig 12 Woodworking Machine with Built-in Control. 
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of ventilation will be required. Vibration must also be considered, as 
any great amount of it may affect the operation of the control. 

For examples of built-in control see Figs. 11, 12, and 14. 

Control Centers. When a number of motor controllers are to be 
located near one another, it becomes a considerable advantage to house 



Fig 13 Contiol Desk Fioiit and Sides Remo\ed to Show Construction. 


them in a common structure. If they are mounted individually on a 
wall or building column, they will take up a good deal of room and 
may not jiresent a feati^factory appearance. If the individual con¬ 
trollers are grouped on a large steel panel, or on an angle-iron frame¬ 
work, there is a difficult job of conduit wiring to do, and again the 
space required is excessive. The cost of designing and building a 
special housing for all the controllers of a given installation is generally 
too great to make it practical. 

The control center was developed in 1940 as an answer to the 
problem, and it is being built in various forms by a number of control 
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manufacturers. Figures 14 and 15 show the general construction. 
The structure is made up of three main items, the panels, the door 
frames, and the sections. 


A 



Fig. 14. Panel and Door Fiame for Control Center. 

The individual panels which mount the control devices are available 
in standardized >izes, to suit the more popular controllers, such as 
magnetic across-the-lme starters, reversing line starters, disconnect 
devices, and circuit breakers. 
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The door frame is the supporting structure for the panel. Its con¬ 
struction is shown in Tig. 14. The panel is mounted to straps on the 
door frame. These frames are available in standardized sizes. The 
construction meets NE]MA Type-IA enclosure specification. 



The section is a self-standing cubicle or enclosure on w Inch the door 
frames are assembled and which also houses the wiring, bus bars, 
and terminal boards. A group of sections becomes a control center. 
Horizontal and vertical bus bars, and terminal boards, are usually 
built in at the factory, so that installation becomes very simple. 

Analysis of the cost of a completely installed ifctrol center, as 
against the installed cost of the same number of individual controllers, 
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\immfi FtUtoi\-a*'‘'Ombl('‘(l Mill Contiol Showing Ro^i^toi Mounting 
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&ho^\s that the two are just about the «!ame The control center is 
compact and neat in appearance and it offers good acceb®ibility for 









Jk 17 C iitki-Himmei rutoi\-isNcmbled Mill Contiol bho^ving Wiiing Bul¬ 
bil md Ttimmd Con'^tllKtlon 

maintenance Its gie itest ad\antage is it^ flexibility, as controller^ 
can icadih be changed aiound or others added as the requirements of 
the installation change 
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PILOT DEVICES AND ACCESSORIES 

Pushbuttons. I^ndoubtcdly the most frequently used pilot device 
is a pushbutton station. Such a station may include one or more 
buttons of the momentary contact type only, or the buttons may be 
of the snap switch type, or both types may be included. For very 
light duty, pushbuttons similar to those for house lighting circuits 
might be suitable. These buttons have relatively light operating 
mechanisms, copper current-carrying contacts, and punched sheet- 
metal enclosing boxes. However, a button of this construction would 
be entirely unsatisfactory for most control applications. A much 
stronger and heavier construction is required to withstand frequent 
operation and rough handling. As control-circuit voltages are gen¬ 
erally higher than lighting-circuit voltages, better insulation and 
greater clearance to ground must be provided. Also, control push¬ 
buttons are subject to relatively high momentary voltages caused by 
the inductive effect of the contactor coils which are handled by the 
buttons. 

Pushbuttons for motor control are made in two general classes. 
Standard-duty buttons are suitable for most general-duty applications 
where the current to be handled is not excessive, and where the service 
is not extremely severe. They are available in one-, two-, and three- 
button styles. Table 4 gives typical ampere ratings when handling 
inductive circuits. 

TABLE 4 

Standard-duty Pushbutton Ratings 



ho V 

Alternating Current 

440 V 

550 V 

Direct Current 

115 V m V 550 V 

Make 

25 

12 

6 

5 

1 

1 1 

Break 

2 

1 

0.5 

0.4 

1 

0.5 0.1 

Carry 

10 

10 

10.9 

10 

10 

10 10 


Heavy-duty pushbuttons are, as the name indicates, of heavier con¬ 
struction, and are able to handle higher currents and withstand severe 
service. They are available in almost any desired combination of 
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buttons, up to six or more in one station. Table 5 gives typical ampere 
ratings when handling inductive circuits. 

TABLE 5 


Heavy-duty Pushbutton Ratings 

Altematmg Current Direct Current 



110 r 

^30 T" 

UOV 

ooO V 

iio r 

930 V 

5o0 V 

Make 

40 

25 

12 

10 

2 

2 

2 

Break 

4 

2 

1 

0.8 

1.5 

0.75 

0.2 

Carry 

10 

10 

10 

10 

10 

10 

10 


The case of a control button may be a phenolic molding or a fabri¬ 
cated metal box of either aluminum or iron, with knockout holes for 
conduit wiring. The current-carrying parts are of silver, either in 
the form of disks which bridge two stationary contacts or in the form 
of a bar or rod which bridges tw’o fingers, similar to those used as 
electric interlocks on magnetic contactors. In the disk type the disk 
is provided with a follow’-up spring to insure good wdping contact. 
In the bar type the follow^-up spring is provided in the contact fingers. 
In both types the stationary contacts and the moving contacts should 
be easily renew^able. 

Momentary" contact buttons are made either normally open or nor¬ 
mally closed, or they may be provided with two sets of stationary con¬ 
tacts, so that one set is opened and the other set closed w’hen the button 
is pressed. A button, with its control disk and stationary contacts, is 
usually a unit in itself, removable as a unit, and interchangeable wdth 
similar units w’hich differ in function. That is, it is desirable to be able 
to remove a normally open unit or element and substitute a normally 
closed unit, or to perform any desired interchange of elements, and a 
w^ell-designed line of pushbuttons wdll provide this feature. 

The operating buttons are generally of phenolic or molded insulation, 
and they should be large and easy to operate. They are colored for 
easy identification, the start button commonly being black and the 
stop button red. The start button is generally enclosed by a guard 
ring to prevent accidental operation. For certain functions locking 
rings are provided. It is possible, by means of these locking rings, 
to press the button part way down, so that the normally closed 
contacts are broken, and then lock it in that position by turning the 
ring. For other requirements it is possible to press the button part 
way down, breaking the circuit of the normally closed contacts, but 
it is not possible to press the button on down, to close the normally 
open contacts, until the locking ring is turned. 
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Fig 18 Piwlihutton Stition^! for Motor Contiol 



Fig 19 Pushbutton Station ^\lth Oil-immeised Contact*? foi Hazardous Locations 

For Venice in wet locations, as on shipboard, water-tight push¬ 
buttons are required. These ha\e a heavy case, fitted with gaskets 
to make it completely water-tight. A flexible rubber or leather 
diaphragm is mounted on the inside of the cover, and the buttons are 
operated through this diaphragm. Another possible construction is a 
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shaft extending out of the case, through a water-tight stuffing box. 
Cams for operating the buttons are mounted on the shaft, inside the 
case, and a lever or button is fastened to the shaft on the outside. 

Explosion-resisting buttons are required in hazardous locations, as 
where gasoline or other explosive fumes are present. To meet this 

requirement heavy cast cases are 
made, having wide flanges where 
the eas-e and cover join together, 
and using no gaskets. The con¬ 
tacts are immersed in oil, which 
quenches any arc that may occur 
and prevents it from coming into 
contact with the explosive gas. 

It is often desirable to mount 
pushbutton elements or contact 
units directly into a machine hous¬ 
ing, and for this purpose one-hole 
mounting elements are available. 
These are also useful in building up 
assemblies ol a large number of 
buttons; the elements are mounted 
on a sheet-metal panel, which is 
supported on a metal frame. The 
elements are made in all sorts of 
contact arrangements, including in¬ 
dicating light elements and selector 
switch elements. Figure 20 shows the construction of one of these 
devices. 

Master Controllers. A master controller is a device, generally man¬ 
ually operated, for energizing and de-energizing the coils of the con¬ 
tactors and relays of a magnetic controller. By this definition, a 
pushbutton station is a master, and the term is sometimes used that 
way, but in general it is understood to mean a device of the drum 
or face-plate type. Both types are in general use. 

The face-plate type of master (Fig. 21) consists of a slate or com¬ 
position board on which contact buttons or segments are mounted, 
and a lever which mounts contact brushes or shoes. As the lever is 
moved from point to point the brushes make contact with one or 
another of the stationary segments and energize coils which are con¬ 
nected to those segments. The line feed is connected to one continuous 
segment ring, so that connection to the moving lever through })igtail 
leads is avoided. A structure of this type has the advantage of 



Fig. 20. Cut-a\\ay View of Onc-bole- 
mounting Pushbutton. 
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requiring very little thickness, permitting a number of such masters 
to be mounted in a small space. Also the contacts are easily accessible 
for wiring and for maintenance. However, the brush does not leave 
the segment in such a direction that the arc is always drawn upward, 
and it is not feasible to obtain a very long gap between brush and 
contact; hence the arc-))reaking capacity of a face-plate master is 
relatively low. Care must be taken in the design of the bearing for 
the lever, because the bearing shaft can be supported at only one end. 



However, it is perfectly possible to design satisfactory bearings which 
will give long life and easy opeiation, and which will assure that the 
lever runs true. 

Drum-tyiie masters are made in a number of forms and sizes. Most 
manufacturers offer one tyjie for ^ingle- and two-sj^eed controls, and 
a larger type for multisi)eed controls, which require a greater number 
of control fingers. Six circuits will ordinarily be sufficient for a two- 
speed controller, and twelve to twenty for a multispeed controller. 

Figure 22 shows a master of the segment and finger type. The frame 
and operating lever are cast steel. The contact segments are of copper, 
mounted on a cast-iron si)ider. The spider is mounted on a square 
steel shaft, from which it is insulated by means of mica tubing. The 
stationary contact fingers are also mounted on a square shaft and 
insulated from it. They are proviiled with follow-up springs to provide 
a pressure contact. Connections are brought to terminals mounted 
on the contact finger supports. The cylinder is positioned by means 
of a star wdieel on the frame and a pawl incorporated in the lever. 
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Insulating shields are provided between the fingers. The whole device 


is easily accessible for repair or 


L 


♦ 


•ft 



maintenance. 

There are many other types and 
forms of master controllers, but 
those described are typical. Some 
applications require very small 
masters; others, masters with levers 
which must be held in the on posi¬ 
tion and which will return to the 
off position when released. A spring 
is often used for this purpose, but 
\Nhere absolute certainty of return 
is required the master i«? inverted 
and the handle hea^ily weighted. 
Some masters must be arranged for 
foot operation. Some require an 
auxiliary s\\itch which may be 
clo'-ed or opened by mean^ of a 
latch on the operating lever. A 
ma‘-ter with cam-operated contacts 
i^ shown in Fig 23. Thi«; con^^truc- 
tion is becoming increa'^ingly pop¬ 
ular, since it saves space, is easy to 
maintain, and has each circuit in¬ 
sulated and indej^endent of the 
other circuits. 

Diagrammatic Representation of 
Master Controllers. In making 
drawings or diagram‘s of a master 
cylinder, or in lact of the cylinder 
of any ty])e of drum, it i«5 necessary 
to follow certain conventions in 


Multi-iieod 
Remo\ ed 


order to avoid confusion. Most 

^ , , wc . manufacturers follow the method 

Fig. 22. Multi-peod Mi^tei. Co\er „ ,, , i - i i i i 

Remo\ed outlined below, which is logical and 

easy to understand and apply. 

Figure 24a represents a drum or master controller, the lower view 
showing the mounted drum as it ajipcars from the front and the upper 
view the top as it appears when looking down on the shaft end. If 
the cover is removed, the fingers are seen, and the half of the cylinder 
which is in front and is marked A. This is called the top half of the 
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cylinder. The bottom of the cylinder, marked B, is not visible from 
the front. 

Figure 24h shows the development of the cylinder of the drum. The 
top half of the cylinder A is shown between the fingers C and D just 



Fio 23. Radial-drive 16-circuit Cam-type Master Controller. 


as it appears in Fig. 24a. The bottom half of the cylinder B is pro¬ 
jected to the right and appears as shown. The shaft is shown just 
as it would actually appear. This arrangement applies the following 
rules for the representation of cylinders on drawings or diagrams: 

1. With the drum mounted as in a, the top of the cylinder is A, 
and is shown between the fingers C and D. 

2. The bottom of the cylinder B may be projected to the right or 
left, but the right is preferred. 
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3. If only one row of fingers is used, the fingers should appear 
between the halves of tlie cylinder. For instance, if row D only is used, 
the bottom of the cylinder should be projected to the right. If row C 
only is used, the bottom of the cylinder should be projected to the left. 

4. The shaft should appear on the center line as shown, if the key¬ 
way is on the center line. If the keyway is not on the center line, the 
location of the shaft should be changed to correspond. Figure 24r 
presents an example, the keyway being 45 degrees off center. This 
applies to working drawings only; diagrams may disregard the location 
of the keyway and always show the shaft on the center line as in b. 




:/ 




(b) 


•B 


Shaft 


V 

O-1—0- 

o—Uo- 
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Fig. 24. Diagrammatic* Roin-o'sontation of MaMor Controllor^. 


Transfer Switches. When it is desired to ojierate from either of 
tw^o masters, or from either of two pilot devices of any type, a transfer 
switch may be provided. By this means, either device may be con¬ 
nected into circuit. The transfer switch is simply a double-throw pilot 
switch of the required number of poles. If only a few circuits must 
be transferred, and if an open switch is satisfactory, a small double¬ 
throw knife switch may be used. Generally an enclosed device is 
preferred, and the small drum-type switches, used for starting multi¬ 
speed motors, are widely used as transfer switches. They may be 
separately mounted, or mounted on the controller panel (see Fig. 25). 

Automatic Starting Devices. It is often desirable that a motor shall 
start and stop automatically, without the attention of an operator. 

Automatic starting devices accomplish this result, the type of device 
depending upon the nature of the requirements. Float-operated pilot 
switches are used to maintain the level of w^ater, or other liquid, in a 
tank or basin. Pressure-operated switches maintain a desired pressure 
on a closed system, as, for instance, automatic sprinklers, or com¬ 
pressed-air tanks in a filling station. There are also switches re- 
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sponsive to temperature and to humidity. They may control motors 
driving fans or stokers, or furnace draft doors. Time-clock switches 
serve to start and stop motors at desired intervals. Speed governors 
can be equipped with electric contacts to open or close at a required 
speed. Limit switches of many types are employed to open or close 
circuits after a desired function has been performed. As an example, 
a piece of material moving on a conveyor may be arranged to strike 



a limit switch at a certain point in it'^ travel, and so start a machine 
wliich will push the material off the conveyor belt. 

Float-operated Switches. Figure 2(3 shows a four-pole float-operated 
switch. The switch mechanism consists of a set of control fingers 
mounted on an insulated shaft, and a corresponding set of stationary 
contacts. Operation of the lever on the outside of the switch will turn 
the finger shaft and engage or disengage the contacts. A star wheel 
is })rovidcd to make the switth snap oj^en or closed, that is, to make 
it quick making and breaking. This feature should be provided on 
any float switch, as tlie change of liquid level may be slow, and without 
quick make and break the contacts may sometimes hang in an 
intermediate position where the circuit is just at the point of being 
opened or closed. A very slight change in liquid level will then cause 
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the contacts to open a small amount, and arcing will occur, which 
will soon damage the contacts. Also the contacts will be subject to 
rapid opening and closing when at this point, and the motor will be 
started and stopped too often. 

The float to operate the switch is hung from one chain and a counter¬ 
weight from the other. The counterweight must be amply heavy to 
operate the switch wdien the w’eight of the float is supported by the 
liquid. The float must be heavy enough to operate the swdtch and 



Fig. 26 Multii)ole Float Switch 


also to overcome the counteiwveiglit. It must, therefore, weigh twice 
as much as the counterw'eight. The float must be buoyant enough to 
float wdth approximately half of its volume submerged. It is evident 
that floats of large diameter will be more sensitive to changes in level 
than those of small diameter, since a smaller change in level wdll be 
required to displace a given volume of w’ater. The float is usually 
made of copper and w’eighted with cast iron. 

In order to get a variable setting betw’^een the opening and closing 
points of the swdtch, the chain is allowed to run freely through holes 
in the float switch lever, and its travel is limited by tw^o stops. As 
the float rises, the chain moves freely until one of the stops strikes the 
switch lever. The switch is then operated. When the liquid level 
falls, the first stop moves aw’ay from the lever. The switch is not 
reset until the second stop, on the counterweight chain, strikes the 
lever. 
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Float switches are often used to connect small motors directly to 
the supply lines without magnetic contactors. For this purpose they 
may be two-, three-, or four-pole. Pilot float switches are single- or 
double-pole. 

For such applications as controlling the level of water in a sewage 
settling basin, where the inflow may \ary widely, a number of pumps 
are necessary, and some of them 
may be required to run at several 
different speeds. The numbf^r of 
pumps in service at any one time 
will be determined by the level of 
the water, so that, as the level rises, 
one after another will be brought 
into service, and, as the level falls, 
the pumj^s will be cut off one at a 
time. Such an apjilication requires 
a multipoint float switch, vliich 
will generally have to be dc«*iened 
to suit the particular application in 
question. If a pump is started at 
each 1-inch change in level, it will 
be necessar^’^ to arrange the float 
switch to close a new contact in 
each 1-inch travel of the chain. 

Any other specification for starting 
levels will mean a different ar¬ 
rangement of the float switch 
Each contact should be quick make 
and quick break. It is therefore 
difficult to design such a switcli 
when more than about six contacts 
are required, as it becomes very 
large and complicated. For appli¬ 
cations requiring more than about 
six contacts it is possible to use a &pecial control scheme in which the 
quick make and break feature is accomplished magnetically by relays 
on the control panel, and the float switch may be a single rheostat lever 
moving over a set of control buttons. 

Pressure Regulators. Pressure regulators are used on closed systems 
to maintain a desired pressure. The regulator has a rubber or metal 
diaphragm against which the pressure of the fluid is exerted. A heavy 
spring opposes the liquid pressure, and the device is set for the desired 



Fig. 27. Diaphragm-type Piessure 
Regulatoi. 
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pressure by varying the spring tension. A lever is operated from the 
diaphragm and so arranged that it multiplies the amount of movement 
of the diaphragm sufficiently to operate an electric contact. The 
contact is opened and closed through a toggle mechanism, in order to 
obtain a quick make and break. This arrangement prevents chat¬ 
tering of the contact with each stroke of the ])ump or compressor. 
Figure 27 illustrates one type of regulator and shows the parts de¬ 
scribed. 

Pressure regulators are often equipped with an unloading device 
which relieves the back pressure against the com}>ressor during the 
starting j)eriod and so lessens the torque required of the motor. The 
unloader is a valve, which is held closed by the air pressure while the 
regulator switch is closed, and is opened when the switch oi)ens. It is 
connected to the compressor discharge line by means of a small pipe. 
A check valve in the line between the unloader and the tank must 
be used in connection with the unloader valve, to i)revent discharging 
the tank when the unloader valve is oi)en. 

Some designs of diai)hragm pressure regulators are equii)i)ed with 
an unloader A’alve. Some are double-pole devices which are suitable 
for pilot circuits but arc also able to handle small motors directly. 
XE]MA standard horsepower ratings when handling motor circuits are 
given in Table 6. 

TABLE 6 



Single-phase 

Two- or 

Three-phase 

Maximum 

Alternating Current 

Alternating Currntt 

Pressure^ 

440-' 


UO- 

psi 

lloV 230 V 550 V 

110 1" 220 V 550 r 

80 

1 1 . . 

1 

1 

80 

134 2 3 

2 

3 3 

200 

1J4 2 3 

2 

3 3 

250 

2 3 5 

3 

5 5 

250 

2 3 5 

3 

5 5 


Direct Current 

3J V llo V J.i() r 

Va H y4 

y y2 y2 

M H 

K 1 1 

K 1 1 


When installing a pressure regulator, care should be taken to con¬ 
nect it in a part of the system which is not subject to fluctuations in 
pressure; this will increase the accuracy and permit close setting. It is 
preferable to connect the regulator to the storage tank and not to the 
discharge pipe from the pump. If the device must be connected to 
the discharge pipe, an air chamber should be interposed between the 
pipe and the regulator, and the feed to the air chamber should be 
throttled by means of a needle valve or stopcock. This arrangement 
will smooth out the pulsations from the discharge pipe. 
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Where visible indication of the pressure is required, a regulator of 
the gage type is used. This type of regulator is similar in construction 
to the ordinary indicating pressure gage except that, in addition to 
moving an indicating needle, the pressure tube is used to move an 
arm which will make an electric contact at desired high and low 
pressures. The device usually includes a relay, because the current 
capacity of the gage contacts is small, and the movement is not 
quick make and break. As the pressure tube expands and contracts, 
the contact arm moves back and f^ th, making contact with the sta¬ 
tionary contacts at either end of its travel. When the arm makes 
contact with the stationary contact at the low setting, the relay is 
energized and closes. Thi& energize^ the coil of the motor-starting 
switch, and the motor is started. The relay remains closed until the 
swinging arm makes contact at the high setting, when the relay coil 
is short-circuited and the relay drops open, stopping the motor. The 
high and low settings are adjustable by moving the stationary contacts. 
With the arrangement described, the equivalent of quick make and 
break is secured, and the light contacts in the gage never have to break 
the circuit. 

The pressure tubes in these regulators are made of brass or of steel, 
depending ujion the nature of the fluid with which they are to be used. 
A brass tube should be used for water, air, steam sulphur dioxide, 
acetylene, carbon dioxide, carbon monoxide, helium, hydrogen, and 
illuminating gas; a steel tube for ammonia, alcohol, benzol, chlorine, 
creosote, cyanide, gasoline, nitrogen, oxygen, ethylene, and ethylene 
oxide. 

Thermostats. Thermostats are made in a number of forms, the 
common moving element being either a bimetallic strip which changes 
its shape when heated or a coiled tube which changes its length. The 
strip or tube is arranged to move an electric contact. Various types 
of contacts are emjfloyed to insure a ciuick make and break. Mercury 
switches are used by some manufacturers. These switches are glass 
tubes containing a small amount of mercury. Contact wires are 
brought into the tube through the glass and sealed in position. When 
the tube is tilted in one direction, the mercury flows to one end of the 
tube and in doing so immerses the contact wires and closes the circuit 
between them. The circuit is broken by tilting the switch in the 
opposite direction, allowing the mercury to run away from the contacts. 
Some thermostats have light silver contacts and include a small per¬ 
manent magnet. When the contacts approach within a certain dis¬ 
tance of each other, the magnet draws them quickly the rest of the 
way into contact. In breaking contact, the pull of the bimetallic strip 
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must build up sufficiently to overcome the holding force of the magnet 
before the contacts move at all. Then, when they do move out of 
contact, they move quickly for a short distance. 

Some thermostats use simply a single-pole make-and-break contact, 
so that the contact is closed to make the circuit and opened to break 
it. Since the thermostat contacts are of necessity quite light, it is 
essential that there should be no arcing on them. A positive method 
of preventing arcing on the contacts is to arrange them so that they 
do not break the circuit. This may be done by means of the relay 
scheme described in connection with gage pressure regulators, which 
of course requires that the thermostat liave three point contacts. 

Speed Governors. Centrifugal speed governors are employed to 
protect machinery against overspeed or underspeod and also to control 
some functions in the operation of a magnetic controller which must 
be performed at a given speed of the motor or machine. For instance, 
a governor can be used with a controller for a two-si)ee(l alternating- 
current motor. When slow speed is desired, the high-speed winding 
of the motor is disconnected from the line and the slow-sj)eed con¬ 
nected into circuit. If the slow-speed winding were connected immedi¬ 
ately upon disconnecting the high si)eed, a severe jar would occur 
and the motor would take a high inrush of current. To avoid this, 
the connection of the slow-speed winding can be controlled by a gov¬ 
ernor set to close its contacts at the slow speed of the motor. Then, 
when the high-speed winding is opened, the motor is allowed to drift 
down in speed until its slow running speed is reached, and at that 
exact speed the governor will operate to connect in the slow-s])eed 
winding. There will then be no inrush of currer^ and no jar to the 
machine. 

Plugging Switches. If it is desired to obtain a certain control func¬ 
tion when a motor is running and to discontinue that function when 
the motor stop a plugging switch can be used. The switch can also 
be used to obtain a function when a motor is running in one direction 
and to discontinue the function if the motor is reversed. 

The switch illustrated in Fig. 28 has a double control arm held in 
a center position by a spring. In this i)osition, both contacts are 
opened. A belt connected to the arm passes over a pulley driven from 
ihe motor If the motor starts to run in a clockwise direction, the 
belt pulls the contact arm over until the right-hand contacts are closed. 
The arm is prevented from moving further, and the belt slips on the 
pulley, holding the contacts closed by means of friction. When the 
motor is stopped, the centering spring has sufficient strength to move 
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the arm back to the center position. Counterclockwise rotation of the 
motor will close the left-hand contacts. 

\\ith a reversing controller, particularly in an alternating-current 
installation, it is often desirable to stop the motor quickly by connect¬ 
ing it to the line in the reverse direction until it stops. The forward 
and reverse magnetic contactors are mechanically and electrically in¬ 
terlocked, so that only one can close at a time. When the forward 
contactor is closed, the motor starts 
to turn, and the friction switch 
closes its contact^ to energizu the 
reverse contactor. Thi«i contactor, 
lumever, cannot close because of 
the interlocking; but as soon as the 
stop button is ])rcssed the forward 
contactor opens, and then the re¬ 
verse contactt)r is free to close. In 
this way the motor is connected to 
the line in a reverse direction until 
it stops, when tlie friction switch 
moves to the center position and 
opens the circuit to the reverse 
contactor. 

Another type of relay, which ac- 
comjilishes the same results, is con¬ 
structed on a different principle. 

The relay has an oil pump which 
pumps in one direction only, and in 
that direction builds up pressure 
in a Bourdon tube similar to those in pressure gages. When the tube 
is under pressure, it ojierates to close electric contacts. A relay of 
this type may have a number of independent electric contacts arranged 
to close at different pressures, and may be used to perform desired 
functions at predetermined motor speeds. 

Still another type of plugging switch has an Alnico rotor, perma¬ 
nently magnetized in four poles, and mounted on a shaft for connection 
to the motor. The frame of the switch is steel. Between the rotor 
and the frame is an aluminum cup which is free to turn through a 
limited arc and to which a contact arm is mounted. The driven Alnico 
rotor produces a rotating magnetic field that induces eddy currents 
in the walls of the cup, causing it to turn and bring the contacts into 
engagement. An adjustable spring determines the force required to 
turn the cup and so determines the rotor speed at which the switch 






Fig 28 Mechanism of a Belt-type 
Fiiction Switch. 
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contacts will close. The switch is provided with a safety latch to 
prevent closing of the contacts when the switch is turned by hand. 

Limit Switches. A limit switch is a device mechanically operated 
from a motor or machine in its operation, and arranged to perform 
some electrical function. The term limit switch indicates its primary 
function, namely, to provide a limit to the travel of a machine and 
to stop it at that ])oint. This is usually done by opening the circuit 
to magnetic contactor coils, and so allowing them to open and dis¬ 
connect the motor from the line. If the installation includes a magnetic 
brake, the circuits will be arranged so that the brake is ^et in the 
limit of travel. Dynamic braking may be applied by the limit switch. 

In addition to the function of stopping, limit switches may serve 
many other puri>oscs. They are otten used to provide slowdown at 
a point ahead of the stopi)ing I'^oint, so that the stop may be more 
accurate. They may also act to vary the speed of a machine in dif¬ 
ferent parts of its cycle. They frequently provide an interlocking 
means between two or more machines. In this capacity they may be 
made to start one machine when another is at a certain point in its 
travel, or to prevent operation of one machine unless another machine 
has reached a desired point. 

The electric contacts of a limit switch may be made either normally 
closed or normally open. To insure safety, normally closed contacts 
are generally used for stopping and also for any other function which 
must be performed without fail. The reason for this is obvious, as, 
with such an arrangement, any electric failure like a broken wire or 
a bumed-out coil or a failure of the power supply will stop the equip¬ 
ment. With a normally oi)en limit switch contact, any of these failures 
would prevent a stop. The normally closed limit switch may fail 
because of a ground around it. To guard against this, stopping limit 
switches are often made double-pole, one pole being connected in 
each side of the control circuit. Installations where failure to stop 
is veiy' hazardous, as, for instance, elevators, make use of two sets 
of stopping limit switches, one set ahead of the other. In normal 
operation the first switch will always stop the motor, but in case of 
failure the car will run through the first limit and be stopped by the 
second, or overtravel, limit switch. Normally open contacts are gen¬ 
erally satisfactory for obtaining slowdown, as failure of this function 
is not so vital. Also, it is usually necessary to close magnetic con¬ 
tactors to obtain slowdown, so that a normally open limit contact does 
not add any hazard, as a circuit failure would prevent closure of the 
contactor in any event. Where slowdown is vital to safety, the con- 
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troller should be arranged to use normally closed slowdown limit 
switches. 

Track-type Limit Switches. Figure 29 illustrates a limit switch of 
a type common for elevator in-'tallations and many other applications. 
It consists of a double-pole electric contact which, in the normally 
closed form, i*- opened \\hen the roller wheel 
is depres«^ed The roller wheel is sometime*- 
made of fiber or pi*ovided with a rubber tire 
to make the operation quiet. It is made of 
solid iron for other applications, as in steel 
mills w’here it may be operated by a hot bar 
of steel. Switches of this type are made 
either normally open or normally closed or 
with one pole open and the other closed. 

For elevator applications the «w itch is 
mounted in the hatchway and is operated 
by a cam on the elevator car. It will be 
noted that the switch is spring-returned, and 
so the cam must be sufficiently Ions: to hold 
the roller depressed for the required time. 

In a steel mill, switches of this type may 
be U’-ed with such machine^ a« furnace pudi- 
ers. The^e machines have a ram wdiicli moves 
forw’ard and iHishe*^ a billet of steel into a 
furnace. When the foniard limit of travel 
is reached, the ram strike^ the limit switch, 
which operates to rever-^e the motor and 
brings the ram back to the starting point. 

When this point is reached, the ram ‘^trikes 
another limit switch, which stops the 
motor 

The swutch illustrated in Fig. 29 i«? suitable for use only wdiere the 
cam which ^.trike*- it is clo-^ely guided, as the movement for operating 
the sw’itch is small and not much overtravel is permis&ible. An 
elevator meets tlii*- condition, but a car running on a hoiizontal track, 
at fairly high speed, w’ould probably sw’av enough to prevent satis¬ 
factory operation of the swutch. Roller ^w itches similar to the one 
illustrated, but w’itli much greater arm movement, can be built for 
such an application. 

Another type of track swutch differs from the roller type in that it 
wull remain in the position to wdiich it is moved until the returning 



Fig 29. Hatchway 
Limit Switch. 
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cam moves it back to the original position. In other words, the device 
is not spring-returned, but has instead a star wheel and pawl, which 
cause it to snap quickly from one position to the other when the lever 
is moved. Switches based on this principle are made in a number of 
different sizes, de])ending on the number of electric contacts desired. 

Traveling-cam Switches. When a machine travels forward and 
reverse in a fixed cycle, and within fixed limits, it is po^^sible to use a 
limit switch having a rotating shaft geared directly to the machine. 



Fig 30 Tia\elmf'-cam Limit S\Mt(h Co\ii ItdiKJXfd 


Elevators and skip hoists are typical examples. The^e are driven 
from cables on a winding drum, and a limit switch can he geared to 
the drum. Geared limit switches cannot be u^ed on ^uc\\ ai^jilications 
as crane trolleys or bridges, as any ^lip of the wheels would cau^e the 
switch to trip at the wrong point of travel. Figure 30 illustrates one 
form of geared switch, known as a traveling-cam switch. The oj^er- 
ating shaft is threaded and ha« a nut, or crosshead, mounted on it. 
This crosshead moves along the shaft as the shaft turns, and act< as 
a cam to operate electric contacts. Each electric contact a double¬ 
pole quick-acting switch, which may be either normally o])en or 
normally closed or may have one pole open and the other i)o^e closed. 
Each switch with its operating mechanism is mounted on rods parallel 
to the main shaft. The tripping point of the switch is adjusted by 
moving it along on the mounting rods, until the crosshead operates 
it at the desired point. The device shown has a total of four sets of 
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electric contacts, tA\’o on each side of the shaft. Similar devices are 
made with eight elements for more complicated control requirements. 

It is evident that the accuracy of a switch of this type is dependent 
upon the length of the shaft. For a skip-hoist installation the switch 
is geared directly to the winding dram of the machine. The total 
travel of the cros«head must, therefore, occur in the same numher of 
turns as is required for the full travel of the hoi.st. If the shaft is short, 
a small jnovement of the crosshead will represent a considerable move¬ 
ment of the hoist, and an accurate setting will be difficult to obtain. 
A longer shaft will allow the crosshead to move a greater distance for 
the same movement of the hoist, anil so more accurate settings can 
be secured. For veiy long hoists, and where great accuracy is retiuired. 
a comjtound limit switch has bien used. This switch has a mechanism 
that greatly multiplies the movement of the crosshead when the hoist 
is approaching the 1" nit of travel. Its u.se is too infreiiuent to warrant 
a complete '’escription. 

Rotating-cam Switches. The rotating-cam limit switch, illustrated 
in Fig. 31. is a form of geared limit switch particularly aj)i)licahle to 
eccentric drives making one revolution, or a part of one revolution, 
for a complete cycle. Such drives are extensiveh- used in steel mills. 
The shaft of the limit switch is geared to the driving shaft of the 
machine. 

The switch consists of a number of electric contacts operated by 
cams on the switch shaft. The length and location of the cam face 
determine the portion of the cycle during which the contact is ojien 
or closed. Adjustment is made by rotating the C' in around tlu* shaft 
and by changing the length of its face. An ea.sy means of making 
adju.'itraents around the shaft is necessary, as this determines the trij)- 
ping i)oint of the electric contacts. It is better practice to use two 
cams and tw. contacts to get a function in each direction rather 
than to use one cam and depend upon its length being accurate. 
In designing switches of this type, the principal i)oints to keep in mind 
are ease of adjustment and the use of fairly large cams for accuracy 
of setting and of hardened cams and rollers to prevent excessive wear. 
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PROBLEMS 


Problems 


1. It is desired to ring an alarm bell and light a signal light when the pressure 
in a tank reaches a critical A’alue. The ringing of the bell may be stopped by 
]iressing a pushbutton, but the light is to remain on until the pressure goes dowm. 
Draw a circuit for tliis arrangement, lining a single-pole pressure regulator, two 
relays, and a juishbutton. 

2. The liglits in a building are turned on and off by a time clock, which has 
an electric contact. The control circuit may be transferred to momentaiy-contact 
l)Ushbiittons, which will them contr •! the I'ghts. If ])ower fails while the control 
is from the pushbuttons, control is to be automatically returne'd to the time clock. 
Draw a circuit for this arrangement, u^^ing >\\vh relays as may be n- cessary. 

3 . The float of a float switch is a hollow ('\ lender of copper having a diameter 
of 12 inclies. It i'^ rigidly f.isteiU'd to a vertir*al rod, which in turn is rigidly 
fastenc'd to the arm of the float switch. If the float and rod weigh 5 pounds 
t<)g(‘ther, an<l it takes 3 poumb to operate the switch, how far will the water 
ris(' before* the switch operates, if it is assumed that the water level at the start 
is at the l)Ottom of the* float? 

4 . If the water level starts down as soon as the vswitch operates, how far will 
it recede before the* switch resets? 

5. A rotafing-caiii limit switch having six circuits is equipped with a double 
sh('av(' wheel on th(‘ shaft. A rod is hung from a cable on one sheave wheel and 
a counterweiglit from a cable on the other sheave wheel. A float is arranged to 
sli(l(‘ up and down on the rod as the* water levt'l in a tank changes, and two 
adjustable stoi)s are laovided on the float rod. The device is be used to start 
and stop tliree motors, as follows: 


At water level 


10 feet Start motor 1 

11 feet Start m )tor 2 

12 feet Start motor 3 

1 feet Stop motor 3 

3 feet Slop motor 2 

2 feet Stop motor 1 


Mak(* a .'«k(*tch showing the arrangement of the device, and the location of the 
sto})s on the rod. 

6 . Draw the electric circuit for problem 5, using circles to represent the motors. 

7. Draw a circuit to show how a solenoid may be energized and de-cnergized 
from any out* of three locations, using momentary-contact pushbuttons, and 
having a singh'.poh' snap switch at each location which, when it is open, will 
l)r('vent oiu'ratioii of the solenoid from any of the three locations. 

8 . A soh'iioid is oiH'rat<'d from a three-point thermostat, using one double- 
l)ole noriiially open relay, and one single-pole normally closed relay. Draw a 
circuit which will close the solenoid when one contact of the thermostat closes, 
maintain the* circuit as tlie tlierinostat moves away from its contact, and open 
the circuit wht'ii the other contact of the thermostat closes. 

9. Draw a circuit using a iiiastt'r controlh'r, a relay, a solenoid, and a hatchw’ay 
limit switch, and arrangcHl so that, if the limit switch opens when the solenoid 
is energizc'd. the mastt'r controller must be returned to the off position before 
the solenoid can again b(‘ eiK'igized. 



70 


PILOT DEVICES AND ACCESSORIES 


10 . A switch in the track of a model railroad is operated by a device consisting 
of two solenoids and a single plunger. When one solenoid is energized, the i>limger 
moves to the right, moving the track switch for main-line operation. When the 
other solenoid is energized, the plunger moves to the left, moving the track 
switch for branch-line operation. In each direction of travel the plunger closes 
an auxiliary’ contact, like a normally open limit switch. Two momentary-contact 
pushbuttons are used, and two signal lights to show the track switch ])osition. 
It is also necessary to connect a circuit across the switch iioint*^ in each ])osition 
of the track switch, to insure that there is a circuit through the track to run the 
train. 

Draw a circuit diagram for the arrangement, using such relays as may be 
necessary'. 
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DIRECT-CURRENT CONT.iCTORS AND RELAYS 

The standards? of the National Eleotrical Manufacturers’ Associa¬ 
tion define magnetic contactors and relays as follows: 

ilagnetic Contactor: A magnetically actuated device for repeatedly 
establishing or interrupting an electric power circuit. 

Relay: A device which is operated by a variation in the character¬ 
istics of one electric circuit to effect the operation of other devices in 
the same or another electric circuit. 

The electromagnetically operated contactor is one of the most useful 
mechanisms that has ever been devised for closing and opening electric 
circuits. Since the jn-oblem of controlling an electric motor resolves 
itself largely into one of opening and closing electric circuits, and 
since the magnetically operated contactor is extremely versatile and 
flexible in its forms and applications, it follows that a manufacturer 
of a diversified line of control apparatus wdll have available standard 
contactors and relays in a wide variety of types and sizes. 

Advantages of Using Contactors. A number of advantages are to 
be gained by the use of magnetic contactors instead of manually oper¬ 
ated control equiimient. One of the most important is the saving of 
time and effort. AMiere large currents or high voltages have to be 
handled it is difficult to build suitable manual apparatus; furthermore, 
such aj^i^aratus is large and hard to operate. On the other hand, it is 
a relatively simple matter to build a magnetic contactor which will 
handle large currents (^r high voltages, and the manual apparatus may 
then have only to control the coil of the contactor. Also, where there 
are a large number of functions to perform, or where the operation 
must be repeated many times an hour, a distinct saving in effort will 
result if contactors are used. Controllers may be so arranged that 
the operator has simply to push a button and the contactors will auto¬ 
matically initiate the proper sequence of events. The operator is then 
saved the trouble of having continually to keep his mind upon doing 
the right thing at the right time, so far as the motor is concerned, and 

can put his entire attention on his work. 

71 
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Magnetic contactors considerably increase the safety of an installa¬ 
tion. High voltage may be handled by the contactor and kept entirely 
away from the operator. The operator also will not be in the prox¬ 
imity of high-power arcs, which are always a source of danger from 
shocks, burns, or perhaps injury to the eyes. 

A third advantage of contactors is the saving of space, which is 
often valuable in the vicinity of a motor-driven machine. AVith con¬ 
tactors the control equipment may be mounted at a remote point, and 
the space required near the machine will be only that necessary for 
the pushbutton. This is a particular advantage where the control 
equipment is large or where the operation of a number of equipments 
is under the control of one man. 

^yith contactors it is possible to control a motor from a number of 
different points. A good example is the control equipment for a news¬ 
paper printing pres^s, which must be started and stopped from many 
different points around the press. It would be difficult to do this by 
means of manual control, because all the control stations would have 
to be mechanically interlocked against each other to insure proper 
operation and fool-proof control, and such an interlocking would in¬ 
volve a large amount of mechanical equipment. The problem is rela¬ 
tively simple with contactors, since it is possible to control one con¬ 
tactor from as many different pushbuttons as are desired, with only 
the necessity of running a few light control wires between the stations. 

The control of such equipment as pum])s and c()mi)ressors. which are 
automatically started and stopped from pilot float switches or i)ilot 
pressure regulators, is greatly simplified by the u-e of contactors. It 
is evident that pilot devices of this nature, and also many other ty])es, 
such as thermofctats and sensitive gages, are limited in power and 
size, and it would be difficult to design them to handle heavy motor 
current directly. 

Automatic acceleration is readily accomplished by means of con¬ 
tactors, and thus acceleration is taken entirely away from the oper¬ 
ator’s control. The motor is started in successive steps automatically, 
and in the proper time for safe acceleration. The acceleration may 
either be directly set for a definite time, or it may be under the control 
of the current which is drawn by the motor, and wliich is a measure 
of the rate of acceleration. Any danger of damage to the motor or 
machinery due to improper starting is thereby avoided. 

Automatic control by contactors results in a saving in wiring ex¬ 
pense if the point of operation is at any distance from the motor and 
controller. With manual control it is necessary to run a heavy power 
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circuit wire to the point of operation. With contactors it is necessary 
to run only the small control wires. 


To meet the requirements of the above-outlined functions, a number 
of diiferent types of magnetic contactors and relays have been devel- 

oped. Some of the more common 



Fig 32 Shunt -tvpc Diiect-cnrrent 

Cont.Ktoi, AMth Lamm ited-brush 
Contact Aic* Shields Raised, 


forms for direct-current work will 
now be desciibed. 

Shunt Contactors. Shunt con- 
ta.torb are so called because they 
are operated by a «5hunt coil, which 
is supplied with energy trom a con¬ 
stant-potential circuit. They are 
usually made single-pole or double- 
liole for direct-current work. The 
contactor is said to be normally 
open when it is arranged to open 
its contacts if the coil is de-ener- 
gized and to close them if the coil 
is energized. A normally closed 
contactor opens its contacts when 
the coil is energized. Contactors 
may also be arrai'^ed to have one 
set of contacts normally open and 
one set normally closed, or in fact 
with almost any desired arrange¬ 
ment of normally open and nor¬ 
mally closed contacts. 

A typical shunt contactor of the 
normally open type is shown in 
Fig. 32. The magnet frame is a 
steel casting, and the coil is 
mounted on a core of steel. When 
the coil is de-energized the contac- 
toi is opened by gravity. Energiz¬ 


ing the coil attracts the movable armature to the stationuiy core, and 
the contactor closes. The copper current-carrying tips close first, 
compressing the spring under them and building up a heavy contact 
pressure as the armature moves in to seal against the core. The 
current-carrying capacity of the contactor depends on the area of 
contact surface and also on the pressure of the contacts. The sta¬ 


tionary contact is mounted on a bra'^s or copper post through which 
the current flows to the r(‘ar ot the panel tv here a wire or bus bar is 
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connected. The movable contact has a heavy flexible cable, or pig¬ 
tail, which is connected to an independent stud through the slate, so 
that the current does not flow through the steel frame of the contactor. 
The stationaiY contact is provided with a metal arcing horn which 
serves to direct the arc upward away from the contacts. The movable 
contact has a metal guard to prevent an arc from striking the contact 
spring. The shaft and moving i)arts are of hardened steel to prevent 
wear. 

Magnetic Blowout. At the top of the contactor a heavy bar wound 
coil may be seen. This coil, wound on a core of steel, is mounted 
between two pole pieces, also of steel. The inside of the pole pieces 
is lined with a refractoiy- insulating material. This structure, called 
a magnetic blowout, is used to extinguish the arc rapidly. In the 
illustration the blowout has been raised to make the contacts visible, 
but in actual operation the blowout is lowered down over the contacts, 
which are thus enclosed in an insulated box. The arcing tip on the 
stationary contacts guides the arc into the box. The blowout coil 
is connected in series with the contactor itself, so that motor current 
is flowing through the coil as long as the contactor is closed, or as 
long as there is an arc between the contacts. The current sets up 
a magnetic field through the core and pole pieces of the blowout 
structure and across the arcing tips of the contactor. When an arc 
is formed, the arc sets up a magnetic field around itself. The two 
magnetic fields repel each other, and the arc is forced upward and 
away from the contacts. It thus becomes longer and longer until it 
breaks and is extinguished. The extinguishing action is extremely 
rapid, and it not only speeds up the operation of the contactor but 
also greatly reduces the wear and burning of the contacts. Proper 
blowout design, therefore, is an important factor in contact life. 

Contacts. Contacts are ordinarily made of copper and may be 
either left plain or plated with cadmium or silver. The oxides of 
copper are poor conductors, and an oxidized contact ti]) is liable to 
overheating. Of course, plating at the surface where arcing occurs does 
not last very long, and it is necessary to arrange the contacts so that 
they wdll be self-cleaning. The plating is of value on the bottom and 
back of the contact tip, w^here it joins the post on which it is mounted. 
The plating here assures a good electric contact at the joint. Self- 
cleaning of the contacts is accomplished by arranging them so that 
they strike first at the tip, and then, as the contactor closes, they 
come together with a rolling motion, finally resting together close to 
the bottom of the tip. Small pin arcs which may occur when the 
contacts close, and which pit and oxidize the tips, are thus confined to 
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the top of the contacts, while the current is actually carried at the 
bottom where the arcing has not occurred. 

If a contactor is to be closed for a long period of time with infre¬ 
quent operation, the contacts will not get a chance to clean properly 
and may eventually give trouble as a result of heating. In such ap- 



Fig. S3. Shimt-t 3 i)e Contactor with Buti Contacts. Arc Shields Raised. 

plications silver contact tips arc used, or copper tips with a silver plate 
welded into the face of the tip. 

Contactors for rapid intermittent service, and often for continuous 
service also, have contacts of the butt type as illustrated in Figs. 33 
and 34. For continuous service, leaf-brush contacts are sometimes 
used. A contactor of this type is shown in Fig. 32. It will be noted 
that in addition to the leaf-brush contacts there are auxiliary butt- 
type contacts. These are to handle the arcing, as a single arc would 
probably ruin the leaf brush by wielding the leaves together. The 
arcing tips close before the main contacts, and open after the main 
contacts, so that any arcing alw’ays occurs on the auxiliary tips. 
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When a contactor closes it does so with a considerable force, and 
there is always a certain amount of rebound of the contacts. Small 
arcs are formed during this rebound, and, if the contactor closed again 
at exactly the same point, there would be a likelihood of its welding 
closed. However, since the armature of the contactor has moved in 
farther toward the core during the time of the rebound, when the con¬ 
tacts come together again they touch at a different point and so do 



Fig 34 General Electiu Sliunt-tv])e Contactor One Aic Sliield Rcmoxed 

not weld. High spring pre&^ures are u^ed on tlie contacts to injure 
that they op* n. In ‘^jute of all piecaution«i, copper contacts occafcion- 
ally weld. A common cause is low line voltage. If the voltage is 
just high enough to cause the contacted to close part way, the contacts 
may come together, but without sufficient pressure on them to seal 
completely. When this happens the contacts touch only lightly, and 
an arc is formed, which, owing to the light contact pressure, is likely 
to weld the contacts together. The same result is sometimes obtained 
by inching or jogging a controller, as the coil circuit may be inter¬ 
rupted at a time when the contacts are just about to touch. At the 
instant of touching they may be practically stationary, with very 
little force either to close or to open them. Welding is almost certain 
to occur under these conditions. 
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Another cause of welding contacts is improper relationship among 
the pull of the closing loil, the initial pressure when the contacts first 
touch, and the pull required to seal the armature magnet. This is 
most likely to occur with large contactors, the coils of which have a 
relatively high inductance and so are slow in building up to full power. 
If the contactor is relatively easy to start, the armature may move 
far enough to close the contacts by the time that the pull of the clos¬ 
ing coil is only partly built up. Then when the contacts touch there 
may not be enough pull to make the " rmature continue its travel, and 
it will hesitate until the coil pall builds up enough to pull it on in. 
During this hesitating period the contact pressure is relatively light 
and the contacts may weld. Care must be taken in the design of the 
contactor and the coil to insure that, once started, the armature will 
imll right on through to the fully sealed position. 

When it is essential that a contactor always open when it is de¬ 
energized, and not under any circumstances weld shut, carbon contacts 
are used. Such contacts are common for elevator work, where human 
life might be endangered if a contactor failed to open. They also find 
ai)i)lication where (piiet o])eration is essential, as they are less noisy 
in operation than copper contacts. The disadvantage of carbon con¬ 
tacts is that the current-carrying capacity per square incli of the con¬ 
tact surface is low, and the contacts are, therefore, elatively large. 
Also, the rate of wear of carbon contacts is greater than that of copper 
contacts. 

Electric Interlocks. It is often necessary to make the operation 
of one contactor de})endent upon the operation or non-operation of 
another contactor, or to interlock one against the other. For this pur¬ 
pose auxiliary contacts are mounted on the contactor and arranged to 
oi)en or close a circuit when the contactor is operated. The auxiliary 
contacts may consist of copper fingers mounted by means of brackets 
on the panel. An insulated bar on the contactor is arranged to short- 
circuit the fingers. A set of auxiliary fingers is said to be normally 
open if the auxiliary circuit is open when the contactor coil is de¬ 
energized, and normally closed if the circuit is closed when the con¬ 
tactor is de-energized. 

By using different lengths of fingers and brackets, different results 
may be accomplished. Normally closed fingers may be arranged to 
open the instant that the contactor starts to close, or they may be 
made longer so that they will not open until the contactor has prac¬ 
tically sealed. Similarly, normally open fingers may be arranged to 
close immediately upon energization of the contactor, or not to close 
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until the contactor is practically scaled. Interlocks of this type are 
shown in Fig. 32. 

A cam-operated, insulated interlock is shown in Fig. 33. It has a 
bridging contact bar which completes the circuit between two station¬ 
ary contact posts. The contacts proper are of silver. 

Mechanical Interlocks. It is often desirable to insure that two or 
more contactors close together, as for instance two single-j^ole con¬ 
tactors which are serving in the place of a double-i^olc contactor. To 
accomplish this positively, the contactors arc mechanically tied to¬ 
gether by means of an insulating strip between their armatures. The 
strip is rigidly fastened to one contactor, and a little play is allowed 
at the other in order to comi)ensate for inecpialities in wear of th(‘ 
two contactors. 

When it is necessaiy- to tie together a series of more than two 
contactors, the amount of iday allowed must be carefully considered, 
so that the total })lay between the first contactor and the last contactor 
will not be enough to prevent pro})er interlocking. 

It is also often necessary to insure that a certain contactor does not 
close when another is closed. For this jmrpose a mechanical interlock 
is used. The mechanical interlock may consist of a piece of metal 
hinged at the center, and arranged so that with both contactors open 
the center piece is in a neutral po.'ition. When one contactor closes 
it strikes one end of the interlock, moving it in toward the panel, and, 
of course, causing the other end of the interlock to move out into such 
a position that it will interfere with the closing of the second contactor. 
Such a device is called a walking-beam tyj^e of interlock. There are 
many other forms of mechanical interlocks, all of them arranged to 
operate so that, when one contactor closes, it will move the interlock 
parts into such a position that they interfere mechanically with the 
closing of the second contactor. 

Coils. The coil of a contactor must provide enough ampere turns 
to operate the contactor i)roperly, not only on normal line voltage 
but also under low- and high-voltage conditions. XEAIA Standards 
say that direct-current contactors shall withstand 110 per cent of their 
rated voltage continuously without injury to the ojierating coils, and 
shall close successfully at 80 per cent of their rated voltage. In 
testing, consideration must also be given to the fact that the resistance 
of a coil will increase as the coil heats, so that the test voltage must 
be lower than 80 per cent of rated voltage if the coil is tested cold. 
If the coil is expected to increase in resistance by 20 per cent when 
hot, the cold test voltage will be 0.80/1.20, or 0.67 times the normal 
rated voltage. 
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Shunt-wound contactor coils have a high self-induction, which is 
sometimes troublesome, especially on higher voltages, but which may 
sometimes be put to valuable service. The coils are wound with 
many turns of fine wire, and they are used on a nearly closed iron 
magnetic circuit. Consequently, when the circuit to the coil is sud¬ 
denly broken, high voltages, sometimes reaching 15 times normal val¬ 
ues, are induced. These iiidaced voltages tend to puncture the insu¬ 
lation of the coil. It is possible to reduce them by connecting a dis¬ 
charge resistance across the coil tern finals or encircling the iron core 
of the magnet with a copper sleeve. In general, however, these meth¬ 
ods are unsatisfactory, because they slow up the speed ol operation 
of the contactor. The most satisfactory solution for this trouble is to 
provide adequate insulation, with a large factor of safety wherever 
such voltages are likely to occur. 

Advantage may be taken of the phenomenon of self-induction to 
delay the opening of a contactor for a short time after the current is 
cut off from the coil. With almost any contactor half a second may 
be secured by connecting a discharge resistance across the coil, or by 
having a copper sleeve on the magnet core. If a longer time is de¬ 
sired, it may be obtained by special design. Comparatively little 
delay in tlie time of closing can be secured by such electromagnetic 
damping. 

In contactor design residual magnetism must be guarded against or 
it may cause the contactor to remain closed after the coil is de-ener- 
gized. The usual method of guarding against residual magnotism is 
to provide a thin non-magnetic ‘-pacer in the back of the contactor 
core, and to use a soft grade of steel or malleable iron for the magnet 
circuit, or for at least part of it. Care must be taken particularly 
when the pressure on the contacts is light, as there is then less tend¬ 
ency for the contactor to open when tlic coil is de-energized. 

Most contactor coils are wound on a form and are then taped up 
and thoroughly impregnated with some compound which will hold the 
windings in place and ]')revent moisture from entering the coil. Other 
coils are wound on a j)hcnolic spool or bobbin. It is generally possible 
to get a winding of greater wattage capacity into a gi\eu space by 
the use of a bobbin type of coil, which, however, is more expensive 
than the fonn-wound type. 

For a number of reasons it is desirable to use coils which are not 
wound to stand full line voltage continuously. Such coils are less 
costly and have the further advantage that they take a larger size of 
wire than a coil which is wound for continuous duty at full voltage. 
A heavier wire, of course, has less tendency to break under vibration 
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or rough handling. Furthermore, such intermittent-duty coils, having 
relatively low inductance, operate contactors more quickly. It is com¬ 
mon practice to use coils wound for intermittent service, and then to 
arrange to insert a protecting resistance in series with the coil after 
the contactor has closed. This may be done by means of an interlock 
finger on the contactor itself or by 
interlock fingers on succeeding con¬ 
tactors of the controller. 

Lockout Contactors. Magnetic 
lockout contactors were primarily 
designed for use as an accelerating 
means for direct-current motors. For 
such serAuce the contactoT* is normally 
open and is required to remain open 
Avhen an inrush of current occurs and 
until the current has fallen to a pre¬ 
determined A’alue. Figure 35 «5hows a 
lockout contactor of the double-coil 
type. Its operating characteristics 
are shoAvn in Fig. 36. There are two 
separate magnetic circuit^!, each ex¬ 
cited by a coil which is in serie‘= vith 
the main motor circuit. The ui)per 
coil is the closing coil, the magnetic 
circuit of which is largely iron, and i^ 
so designed that the magnetic leakage 
is high and the circuit is easily satu¬ 
rated. The lower coil is the lockout 
coil, which tends to preAxnt the con¬ 
tactor from closing. Its magnetic cir¬ 
cuit has a large air gap included, and 
it is so designed that the iron in the 
circuit does not approach saturation. 

The pull exerted by the lockout coil, therefore, A^arie*^ much more 
AAudely with changes in current than the i)ull of the clo'-ing coil, 
and because of the difference in magnetic characteristic^ the circuit 
can be so proportioned that there will be a dcTinito A^aluc of current 
aboA’e Avhich the lockout coil will be the stronger and beloAv which 
the closing coil will predominate. Referring to the characteristic curve 
of Fig. 36, this critical point is B. At the point A, the pull of the clos¬ 
ing coil is enough greater than that of the lockout coil to overcome the 
weight of the contactor lever and friction and to close the contactor 



Fig. 35. Lockout Contactor. 
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In using the contactor as an accelerator, the current inrush would 
be above the point B. The contactor would, therefore, lock out on 
the initial current inrush and would remain so until the current had 
dropped to point A. Point A would probably be selected as slightly 



Amperes 

Fig. 36. Characteristics of Lockout Contactors. 


above full-load motor current. At that point the conta^'tor would 
close and cut out the starting resistance or a portion of it. 

When the contactor closes, the circuit is so arranged that the lockout 
coil is short-circuited with the resistance step and consequently has 
no longer any tendency to open the contactor. This insures that the 
contactor will remain definitely closed after it has once operated. Of 
course, since the closing coil is in scries with the motor circuity the 
contactor wtmld open if the load dropped off far enough. In order 
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to guard against this, a small shunt-wound holding coil is usually 
provided. This is mounted on the same core as the closing coil and 
has just sufficient ampere-turns to hold the contactor closed. The 
ampere-turns are not sufficient to close the contactor, although they 
add to the strength of the series closing coil. The series coil must, 
therefore, be reduced correspondingly in strength when the shunt coil 
is to be used. 

Sometimes the series coil is entirely replaced by a shunt-wound coil 
which is energized directly across the line. This arrangement gives a 
definite closing pull regardless of load, and it also permits opening the 
contactor at will, by means of a pushbutton or master controller, to 
obtain slov\’ speed by re-inserting ilie resistance. The only disadvan¬ 
tage of this arrangement is that the effect of the closing coil depends 
upon voltnge, and, therefore, the setting at which the contactor will 
close is somewhat 'dependent upon variations in line voltage. 

There are other types of magnetic lockout contactors, some of them 
having only one coil and depending upon a difference in saturation 
of two iron circuits for their operation. A contact(»r of that ty])e has 
a large air gap and a damping winding in the closing-coil circuit, so 
that the flux builds up faster in the lockout circuit when an inrush 
occurs. The reluctance of the lockout circuit is higher, and. as the 
current drops, the lockout circuit loses its magnetism faster, tlian the 
closing circuit, until a point is reached at which the closing circuit 
has sufficient excess pull to close the contactor. 

At one time lockout accelerating contactors w(Te very ]>opular bt‘- 
cause of their simplicity. In rf‘ccnt years, their use has dropped off 
a great deal owing to the development of better and sinijfler accelerat¬ 
ing means of other types. 

Inductive Accelerating Contactors. Figure 37 shows an inductive- 
type accelera+ing contactor similar in appearance to a double-coil 
lockout contactor. However, it differs in the arrangement of the lock¬ 
out magnet. The lockout magnet of the inductive contactor is pro¬ 
vided with a heavy iron magnetic circuit. The relativ(* strength of 
the closing and holdout coils is so adjusted that the contactor will 
remain open with full line voltage on the closing coil and approxi¬ 
mately 1 per cent of full line voltage on the holdout coil. 

In operation, the closing coil and the holdout coil are energized at 
the same time, and then the holdout coil is short-circuited. The hold¬ 
out magnetic circuit is so designed that a certain length of time is 
required for the flux to die down to a value which will permit the con¬ 
tactor to close. The time is adjusted by varying an air gap in the 



holdout iiiagnctip circuit, 
i^cribcd in C'liaj)tc‘r 6. 
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The use of this type ot contactor is de- 



Fkj. 37. ludiuli\e Time-dela> Coutattoi. Arc Shield Raised. 


Shunt Relays. Shunt relays arc similar to shunt contactors, except 
that they are required to haiulh' only small amounts of current, ‘since 
they commutate the coils of other relays and contactors and do not 
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handle motor current. Shunt relays are of many different sizes and 
forms. Some are very small and have light contacts, being so arranged 
that they will require a minimum current in the operating coil. The 
contacts of pressure regulators, thermostats, and other automatic pilot 
devices are often very light and incapable of handling much current. 
Consequently, low-wattage relays are required in connection with 
those devices. Other shunt relays are made larger and heavier for 
hard service and may be provided with a blowout magnet on any or 
all of the contacts if necessary. They may also be provided w’itli 
mechanical interlocks. Shunt relays are available in many different 
combinations of normally open and normally closed contacts, to suit 
the requirements of the control designer. 

Overload Relays. The purpose of an overload relay is to protect a 
motor against excessively heavy loads. The relay usually has a series 
coil, which is connected in the motor circuit and carries motor current. 
The coil is arranged to lift an iron plunger when a certain value of 
current has been reached. The plunger is pulled up into the center 
of the coil and, when it is lifted, acts to trip a set of contacts which, 
in turn, disconnect the coil of a motor contactor and oi)en the circuit 
to the motor. Adjustment for tripping on different values of current 
is made by varying the initial position of the i)lunger in respect to 
the coil. If the plunger is farther up in the coil to start with, it will, 
of course, move at a lower value of current. 

It is often desirable to set an overload relay to trip at a value of 
current which is below the inrush current obtained when the motor 
is started. To accomplish this result, the overload is j^rovided with a 
small oil dashpot, which causes a time delay in trii)ping. The time 
delay can be so adjusted that the overload will not trip when the 
motor is started, but if an overload continues for a short time the 
relay will trip and disconnect the motor. 

For some types of control circuits only a single-coil oveiload relay 
is required, and the circuit is so arranged that, once it has been 
opened, the operator has to push a button to start the motor again. 
The overload relay wdll, of course, reset as soon as it has disconnected 
the motor, since there wdll no longer be any current in the relay coil. 
Other arrangements require that the overload relay remain trij)j)ed 
after it has operated. This is sometimes accomplished by making 
the contact of a latching type, so that it is necessary to reclose it by 
hand. More frequently it is accomplished by supplying the overload 
relay with a small shunt coil, in addition to the series coil, which shunt 
coil has just sufficient strength to keep the plunger lifted after it has 
once operated. In order to reset, it is then necessary to break the cir- 
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cuit to the shunt coil, which will allow the plunger to drop back to its 
initial position. 

Figure 38 shows the Westinghouse Electric Corporation type-TI 
overload relay, which has both time delay and instantaneous tripping 
features. 

The relay is made up of magnetic and mechanical parts mounted 
on a molded base to form a unit common to all ratings, on which are 
assembled coils and heaters that vary with the rating. 

The relay operates according to a combination of magnetic and 
thermal principles. A clapper-type magnet is magnetized by a series 
coil and carries a horizontal armature, the free end of which may 
take an upper or lower position depending on the magnetic and thermal 
conditions. The armature is normally biased to its lower position 
where it is held by the magnetic attraction of a strip of nickel-iron 
alloy called Invar. Under tripping conditions, the lockout effect of 
the Invar strip is neutralized or overpowered and the armature is 
drawn to its upper position by the magnetic attraction of an upper 
pole formed by the bent end of the rear frame. In moving upward, 
the armature lifts a push rod which opens a normally closed contact 
at the top of the relay. A spring is arranged to engage a notch in 
the push rod in its upper position and thus hold the contact open for 
“liand-re&et” operation until the latch is disengaged by depressing the 
reset pushbutton. If “automatic-reset’’ operation is wanted, the spring 
latcli is permanently held out of engagement by depressing the reset 
]nishbutton and giving it one-quarter turn clockwise. 

The time delay features of the relay depend on the special physical 
property of Invar by which it loses its magnetic permeability at a 
temperature of about 240 C. This property is utilized by connecting 
the Invar lockout strip or “heater” in series or parallel to the coil and 
passing the load current or a fraction of it through the heater. On 
moderate sustained overloads the internally generated heat is sufficient 
to raise the temperature of the heater to its demagnetization point, 
and the lockout effect of the heater is neutralized, allowing the relay 
to trip. For overloads which exceed the instantaneous trm settiTi^ of 
the relay, a vertical auxiliary armature, attracted toward the coil, 
strikes the horizontal armature and raises it from the Invar %2 to 
Mo inch, which is sufficient to break the lockout, allowing it to trip. 

The relay has two adjustments: (1) to vary the rating, and (2) to 
vary the instantaneous tripping current. 

The adjustment for rating is made by turning an adjusting plate 
attached to the horizontal armature, so that the lockout pin registers 
with a hot spot (low current rating) at the right or with a cool spot 
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Item 

Dascription or Nome of Port 

1 

Bent end of rear frame 

2 

Push rod 

3 

Normally doted contact 

4 

Rating adjustment—loosen screw, and turn adjusting plate so that “low" or “high” 
marking is exposed, as desired 

5 

Horizontal armature thermal trip 

6 

Instantaneous trip adjustment—increase spring tension for higher tripping current 

7 

Invar heater 

8 

Vertical armature instantaneous trip 

9 

Coil 


Fig. 38. Westinghouse Type-TI-2 Overload Relay. 
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(high current rating) at the left of its motion. The change of current 
rating which may be expected between “low^^ and “high” adjustments 
is about 12 per cent for large current heaters and 20 per cent for small 
ones. This adjustment is changed by loosening a screw. 

A nut adjustment is provided for varying the spring tension on the 
auxiliary armature to vary the percentage overload at which instan¬ 
taneous trip occurs. The travel of the nut is limited, to provide 
adjustment between about 200 and 600 per cent of rating. The 
adjustment is set at the factory tc give instantaneous trip at 300 to 
400 per cent. 

Series Relays. Figure 39 shows a relay of the series accelerating 
type, the use of which is described in Chapter 6. The coil is connected 



Fig. 39. Direct-current Series Relay. 


in the motor circuit, and the contacts are arranged to handle the coils 
of a magnetic contactor. The armature of a relay of this type is light 
and the magnetic gap is very small, so that the relay is fast in opera¬ 
tion. It may be set to operate on any desired current by adjusting 
the tension spring which holds the armature open. 
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Latched-in Relays. Sometime*? it is iiece«^«sary to have a relay so 
arranged that, once it ha*? closed, it ^ill icmain closed e\en though 
voltage fails. To accomplibh thib result, lelajs of the latched-in type 
are used Such relays usually ha\e t\\o coils, one for clo«?ing the 
relay and the other for opening it When the relay closes, a latch 
operates to lock it in the closed position The tripping coil is arranged 
to raise the latch and permit the rela^ to open 

Timing Relays. Figure 40 «5ho\\s a diiect-current timing relay ar¬ 
ranged to close a number of circuits in sequence w ithin a definite time 



Fig 40 Direct-current Tuning Relay. 

after the coil has been energized The coil of the relay pulls upward 
on a plunger, which is pre\ented from instantaneous operation by 
means of a dashpot to which the plunger is connected The dashpot 
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may be of either the oil or the air type. It consists of an iron pot in 
which a piston operates. The piston has a valve which permits the 
oil or air to flow through only very slowly in one direction but very 
rapidly in the other direction. Consequently, the plunger of the relay 
moves upward slowly and downward instantaneously. The timing is 
adjusted by varying the opening of the valve. 

As the plunger goes upward, it moves a finger board on which a 
number of pilot fingers are mounted. The mountings are staggered, 
so that the fingers close in rotation Trom left to right. In other words, 
the first finger may have to move only % inch to close, whereas the 
last finger may have to move inch to close, and the others some¬ 
where between these values. The fingers may be connected to the 
coils of contactors, which will then close in a definite sequence. 

By the use of a bypass, which will permit the plunger to move 
upward a short distance before the dashpot has any effect, it is possible 
to close the first finger immediately and then obtain timing for the 
closure of the other fingers. 

Relays of this type are also available with all contacts normally 
closed, so that they open in sequence in a definite time. Such relays 
are used for inserting successive steps of resistance in series with the 
shunt field of a motor, to increase its speed. 

Field Relays. Figure 41 presents a relay of a very useful type. As 
shown, it is a series relay with a normally open contact. It has a 
relatively light armature, an adjusting spring which may serve to vary 
the closing and opening points, and an adjustable air gap. The 
armature is prevented from sealing against the iron core by means of a 
brass screw\ This screw may be adjusted to vary the gap. If the air 
gap is wide, the opening point of the relay will be close to the closing 
point. If the air gap is small, the relay will remain closed on a current 
much less than that which was required to close it. By varying the 
air gap, the range betw’een the opening and closing values may be 
adjusted. The value of both opening and closing points may be 
adjusted by varying the tension spring. 

With series coils, as shown in the illustration, the relay may be 
used for automatic acceleration and deceleration of motors by means 
of field w^eakening. This is described in Chapter 8. 

A relay of this same type may serve as a jamming relay. For such 
a purpose it would have a series coil connected in the motor circuit 
and would be so arranged that when the current reached a definite 
value the relay would open. Nonnally closed contacts would, of 
course, be required. When the relay opened, it would act upon the 
coil of a magnetic contactor, which in turn would insert a step of 
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resistance in series with the motor to slow it down somewhat. This 
arrangement is often used on such installations as electric shovels, 
where, in digging, an obstruction may be met which will tend to 
overload the motor and perhaps stall it. It is not desired to have 
an overload relay cut off power under these conditions, but instead 



Fig. 41. Vibrating Field Relay. 


a jamming relay is used to insert a certain amount of resistance, and 
slow the motor down, at the same time preventing the current from 
reaching an excessive value. 

The same type of relay could be used for a voltage relay, since its 
ease of adjustment w’ould permit its being set to open and close on 
definite voltages. 

There are many other forms of control relays, and manufacturers 
are almost constantly having to design new types to meet special 
applications. However, the majority of them are modifications in 
one form or another of the types wdiich have been described above. 
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Maintenance of Contactors. Contactors should be kept reasonably 
clean. If dust or scale accumulates on the controller, it should be 
blown off with compressed air. 

The contacts should not be lubricated, as oil or Vaseline will be 
decomposed by the heat and will increase the destructive effect of 
the arc. 

The contacts should be kept smooth by filing occasionally with a 
fine file, care being taken to remove no more metal than is necessary 
to secure a smooth surface Contact tips should be replaced when 
they are worn approximately half through. Definite instructions on 
tliis point are generally sent out by the manufacturer with each 
contactor. As the tips wear, the spring pressure behind them is 
reduced; if they are allowed to go too long, the contactor will not be 
able to handle the load properly and may be seriously damaged by 
overheating or by welding of the contacts. 

Hinge pins and bearings should be lubricated with a light machine 
oil. 

Interlock fingers should be replaced when they are worn nearly 
through. The bar which short-circuits them is usually arranged so 
that it can be rotated to present a new surface as one part becomes 
worn. 

Arc shields should be replaced before the arc has burned through 
them. If a shield is burned clear through, the arc will strike the metal 
pole jiiecc of the blowout and the contactor will be damaged. 

The surfaces of the core and the armature which seal together when 
the contactor is closed should be kept clean and free from rust, oil, or 
grease. Rubliing these surfaces occasionally with emery cloth will 
accomplish the desired results. 

Standard Ratings. The NEilA standard 8-hour open ratings of 
direct-current contactors are 25, 50, 100, 150, 300, 600, 900, 1350, and 

TABLE 7 

Continuous-duty Ratings of Direct-current Contactors 


NEMA 

8-hour 

Open 

116 volts 

N umber of 

£30 volts 

Number of 

660 voUs 

Number of 

e 

Rating, 

Horse- 

Aiceleraimg 

Horse- 

Accelerating 

Horse¬ 

Accelerating 

N umber 

1 

amperes 

25 

pouer 

3 

Contactor s 

1 

power 

5 

Contactors 

1 

power 

Contactors 

2 

50 

5 

2 

10 

2 

20 

2 

3 

100 

10 

2 

25 

2 

50 

2 

4 

150 

20 

2 

40 

2 

75 

3 

5 

300 

40 

3 

75 

3 

150 

4 

6 

600 

75 

3 

150 

4 

300 

5 

7 

900 

110 

4 

225 

5 

450 

6 

8 

1350 

175 

4 

350 

5 

700 

6 

0 


300 

5 

600 

6 

1200 

7 
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2500 amperes. Their intermittent rating in amperes is 133% per cent 
of the 8-hour rating. 

For general-purpose magnetic controllers and machine tool control¬ 
lers, the rating of the line, reversing, and final accelerating contactors 
is given in Table 7. Intermediate accelerating contactors are selected 
so that the open 8-hour ampere rating will not be less than one-fourth 
of the peak current obtained during acceleration. 

For intermittent service in steel mills, the ratings are given in 
Table 8. The smaller contactors are not used for this service. For 
crane ser\uce the ratings are the same, but an additional accelerating 
contactor is used. 

TABLE 

Intermittent Ratings of Contactors 


8-hour 

Contactor 

Horsepower 

Minimum Number 

Contactor 

MiU 

MiU 

of Accelerating 

Rating 

Rating 

Rating 

Contactors 

100 

133 

35 

2 

150 

200 

55 

2 

300 

400 

no 

2 

600 

800 

225 

2 or 3 

900 

1200 

330 

3 

1350 

1800 

500 

4 

2500 

3350 

1000 

5 
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Problems 


1. A direct-current coil of circular cro^s-'section has the following charac¬ 
teristics : 


Diameter of inside turn 
Diameter of outside turn 
Terminal volts 
Wire used 
Wire resistance 
Number of turns in coil 


1.12 inches 
2.86 inches 
240 

No. 35 cotton-covered 

329 ohms per 1000 feet, at 25 C 

N 


Calculate the ampere turns which the coil will produce at the specified voltage, 
at 25 C. 
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2. The length of the winding space of the coil of problem 1 is 2.4 inches, and 
9243 turns of the wire specified can be wound in 1 square inch. Calculate the 
resistance of the coil at 25 C. 

3. Calculate the watts in the coil at 25 C. 

4. Calculate the resistance of the coil, and the watts, at 100 C. 

6 . It has been found that this coil will dissipate heat at a rate w'hich will 
prevent its exceeding a safe temperature of 100 C if its continuous wattage is 
determined on the basis of 0.7 watt per square inch of surface, figuring on the 
cylindrical surface plus the area of one end. What is the continuous wattage 
rating of the coil? 

6. A coil of this type is wound with .lO. 28 cotton-covered wire, which has a 
resistance of 64.9 ohms per 1000 feet, and a winding factor of 3462 turns per square 
inch. Calculate the resistance of the coil. 

7. Calculate the continuous voltage rating of the coil of problem 6. 

8. A contactor having the coil of pioblem 6 is used on a 250-volt circuit. The 
coil is protected by a series resistor which is cut into circuit by interlock contacts 
on the contactor. What is the minimum value of the protecting resistor, allow¬ 
ing for a possible 10 per cent oven’oltage? 

9. A certain shunt contactor will pick up and close on 2020 ampere turns, 
and drop out at 530 ampere turns. If this contactor is equipped with the coil 
of i)rol)lem 1, and it is desired that it operate at 80 per cent of rated voltag^^ 
at 100 C, what is the minimum rated voltage on which it may be used? 

10. At what voltage will the contactor open? 

11. If the contactor is equipped with the cuii and resistor of problem 8, what 
will be the minimum rated voltage on which it may be used? 

12. At what voltage will the contactor open? 

13. An overload relay ha> a single series coil. The calibration range of the 
relay is 950-3750 ampere turns. The desired maximum current density in the 
coil is 1500 ampere.'' per square inch at the motor rating. Calculate the number 
of full turn.s, and the cro.ss-sectional area of a coil for use with a 100-horsepower 
230-volt 375-ampere motor when the relay is to be calibrated at 125-150-175 per 
cent of the motor rating. 

14. Sketch a scrubs coil blowout magnet and its coil, and show the contactor 
contact tip.<. Indicate the direction of current in the turns of the coil around 
the magnc't anil between the contact tips, and show which direction an arc will 
be blown from the tips. Show the direction of the magnetic flux lines. 
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AUTOMATIC ACCELERATING METHODS 
FOR DIRECT-CURRENT MOTORS 

Although it is satisfactory to connect some small motors directly 
to the line when starting, the majority of installations require a more 
gradual application of power. Resistance is connected in series with 
the armature to limit the initial current, and this resistance is then 
short-circuited in one or more steps. 

Various devices are employed to short-circuit resistance steps auto¬ 
matically as the motor accelerates. A satisfactory device mu^t meet 
a number of requirements. 

1. It must properly protect the motor against high peak currents 
and against high stresses and strains. Some years ago tliis was the 
principal requirement, but today motors are liuilt to withstand hard 
ser\dce and a great deal of abuse, so that this function is not so 
important as it formerly was. 

2. The accelerating device mu<t jirotect the machinery by applying 
the starting torque gradually and in limited amounts. 

3. The current taken from the line must be limited in order to pre¬ 
vent line disturbances. Most power companies have definite rules 
regarding the increments of current that may lie drawn from the line 
when starting a motor. 

4. Smooth acceleration is a refiuirement of many installations, as, 
for instance, elevators, and the trolley or bridge motions of a crane. 

5. The rate of acceleration is important to many drives. Rapid 
acceleration saves time and power. Frequently the operation of a 
machine is very rapid, and the motor is required to get uj) to speed 
in a short time. 

6. The accelerating device should be reliable and should operate for 
long periods of time without maintenance. It should be simple, easy 
to understand and adjust, and easy to maintain and repair. 

Obviously, these requirements vary in importance, depending u])on 
the application. A centrifugal casting machine requires an extremely 
smooth acceleration. Speed is essential in accelerating the motor that 
drives the manipulator fingers of a rolling mill. The current taken 
from the line may be of no importance if the power system has a 
relatively large capacity. In selecting the method of acceleration, 
therefore, the application must be considered and the vital require- 
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ments determined. An accelerating method which will best meet these 
requirements can then be adopted. 

Theory of Acceleration. Figure 42, showing what happens during 
the acceleration of a shunt motor, will serve to illustrate the theory 
for any motor. At no load the motor runs at a speed near 100 per 
cent. A slight drop in speed is caused by the voltage drop in the 
armature and leads. At any given load the speed will fall at a 
corresponding point on the curve ae. If the motor were connected 
directly to the line to start, the inhial inrush current would be limited 



Per cent of full rated current 
Fig. 42. Acceleration of a I5?hunt Motor. 


only by the resistance of the armature and leads and would reach 
point e. To limit the inrush to a reasonable value external resistance 
is connected in series with the armature. The resistance is designed 
to allow an inrush which will be enough higher than full load to insure 
starting. In the diagram the initial inrush is shown at s. When the 
motor starts, it begins to develop a countervoltage opposing the line 
voltage and in proportion to the motor speed. Consequently, as the 
motor speed increases, the current in the armature decreases along 
the line sa. If the motor haei no load, it would accelerate to full speed 
with the resistance in circuit; but, if the motor is loaded, it will accel¬ 
erate only until the armature current is just enough to provide the 
necessary running torque. With a fully loaded motor the maximum 
speed would be reached at point p. hen or before this speed is 
reached, it will be necessary to cut out some of the resistance if further 
acceleration is to take place. It is customary to cut out just enough 
to produce a second inrush n, equal to the initial inrush. The motor 
then accelerates along the curve na until point m is reached, where it 
is necessary to cut out another step. This will be selected to give a 
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third equal inrush h and permit the motor to accelerate along the 
curve ha. At point g the last step is cut out and the motor is across 
the line. 

The choice of the initial inrush value s determines the location of 
point p, and obviously, if the inrush is increased, the speed at p will 
be higher and the length of the line bp will be shorter. Line be repre¬ 
sents the voltage drop in the motor and leads, and cp that across the 
external resistance. It will be evident that kp represents the drop 
across the first step of resistance, fk that across the second step, and 
cf that across the third step. Since these voltages arc proportional to 
the resistance values, the current being the same in all steps, the lines 
kp, fk. and cf are proportional to the ohmic value of the resistance 
steps. The curve, therefore, gives a graphical method of determining 
the value of the resistance and of dividing it properly. The total 
ohmic value is found by dividing the line voltage by the initial inrush 
current s. The first step is then 

k7) 

— X Total ohms 
bp 

The other steps may be found similarly. 

Note that the sum of the steps will be less than the total ohms by 
the amount be bp X Total ohms, ^^hich is the armature and lead 
resistance. 

Practically all methods of automatic acceleration fall into one of 
two general classes known as current-limit acceleration and time-limit 
acceleration. 

Current-limit Acceleration. This method of acceleration makes use 
of the fact that, as a motor increases in speed, the current taken from 
the line decreases. Relays or other devices operating on current are 
used to control contactors which cut out the resistance steps. The 
relays are set to permit operation of the contactors successively as the 
current approaches the full-load value. Obviously, the relays must 
be set to close above the value of load current to insure that they will 
always operate. If the load is variable, the relays must be set high 
enough to insure acceleration under the heaviest load encountered. If 
the load at any time requires a current higher than the relay setting, 
the relay will not operate, the resistance will not be cut out, and the 
motor will not accelerate any farther. 

With current-limit acceleration the time required to accelerate will 
depend entirely upon the load and will be constant only when the load 
is constant. When the load is light, the motor will accelerate quickly, 
the current will drop rapidly, and the relays will permit the resistance 
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commutating contactors to operate quickly. When the load is heavy, 
the motor will require a longer time to accelerate, the current will fall 
more slowly, and a longer time will be required for short-circuiting 
the resistance. 

Time-limit Acceleration. Time-limit acceleration may be defined 
as a starting method which permits short-circuiting the starting re¬ 
sistance and connecting the motor to the line in the same time for 
each start, regardless of the load on the motor and of the time which it 
actually takes for the motor to accrlerate that load. The accelerating 
relays or devices are entirely independent of motor current. The 
timing should be adjusted so that under normal load conditions each 
resistance step will be cut out just as the motor has reached its 
maximum acceleration with that step in circuit. 

Comparative Advantages. With time-limit acceleration properly 
adjusted the current peaks will be lower than with current-limit accel¬ 
eration, because the operation of the accelerating device is independent 
of current, and the motor may be allowed to accelerate on each step 
as far as it will. With time-limit acceleration, and a variable load, 
the resistance may be made high enough to limit the current to just 
enough to start a light load smoothly. Then on a heavy load the 
motor will not start on the first point, or perhaps not on the second 
point. The accelerating device will continue to cut out resistance until 
the motor does start. In either event the motor will be connected to 
the line in the same time, but power will be saved with a light load. 

In many instances a controller is adjusted to work properly when 
first installed, and when the machine is new and relatively hard to 
drive. With current-limit acceleration the relays will have to be set 
high enough to take care of this condition. Later, when the machinery 
is worn in, much less current may be required to start it, and the 
relays could be set to operate at a lower value. The chances are, 
however, that this adjustment will not be made, since there will be 
nothing to call the operator s attention to the possibility. The con¬ 
troller will then be wasteful of power during starting. 

For the reasons given, time-limit acceleration has the advantage of 
saving power during acceleration. 

The time-limit controller generally has the advantage from the 
stand])oint of simi)licity, as fewer relays and electric interlocks are 
required. The series lockout contactor requires no interlocks or aux¬ 
iliary interlocks, and so provides a simple current-limit control, but it 
can be used only in the simple form for single-speed applications. 

The time-limit controller has an additional advantage which is a 
strong argument for its use on motors subject to a large number of 
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operations in a manufacturing process. This advantage is that, since 
it always accelerates the motor in the same time, it is possible to time 
a number of operations definitely with respect to one another. For 
instance, an operator in a steel mill may control a number of motors 
driving various parts of the mill. Since the response of each motor is 
always the same, he soon discovers just when to operate the starting 
switch for each drive to obtain the results he desires. The sequence 
and time of operating the various levers become almost automatic; 
and the oi)erator’s efficiency is improved. If he had current-limit 
controllers, the time of response would vary with changes in load, and 
it would be difficult, if not impossible, to arrive at the same efficiency 
of operation. 

It would appear that the time-limit controller has a definite advan¬ 
tage when employed with drives having varying loads. The chief 
obstacle to its general u«e was, for many years, the lack of any simple, 
reliable fonn of ^iming device. This difficulty ha> been overcome, 
and the use oi time-limit acceleration is almost universal. 

Forms of Control. The principal forms of current-limit acceleration 
are those using 

Counter-emf acceleration. 

Series relay acceleration. 

Lockout contactors. 

Voltage-drop acceleration. 

The principal forms of time-limit acceleration are those using 

Time of contactor> only. 

Individual dashpot relays. 

Multicircuit dashpot relays. 

Magnetic drag relays. 

Escapement timing. 

Inductive time-limit acceleration. 

!Motor-driven timers. 

Capacitor discharge. 

Counter-emf Acceleration. A controller using counter-emf accel¬ 
eration is shown in Fig. 43. The run button is ju'es&ed to start, 
energizing the closing coil of the main contactor M. When M closes, 
it connects the motor to the line through the starting resistance and 
also provides a maintaining circuit for its own coil by closing an 
auxiliary interlock to byj)ass the run button. The accelerating con¬ 
tactors have their closing coils connected across the motor armature. 
The coil of the first contactor, lA, is designed to close the contactor 
on approximately half of normal voltage. The coil of the next con- 
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tact or, 2Af is designed to close the contactor at, say. 80 per cent voltage, 
and that of the last contactor, 34, at approximately 90 per cent volt¬ 
age. Consequently, the first contactor will close when the motor has 
reached approximately 50 per cent speed, and the third at 90 per cent 
speed. Contactors for this purpose are provided with an adjustable 
tension spring or some other means of adjusting the closing point. 

This simple method of acceleration is satisfactory for controllers of 
small capacity. It is not generally used above 3 horsepower. Larger 
contactors, when closed on a low rl!^ing voltage, will close slowdy and 



with liglit pre^Mlrc. Under tlicbe conditions, the contacts are likely 
to weld together ^o that they cannot be opened. 

Series-relay Acceleration. Figure 44 shows a controller using series- 
relay acceleration. The relays have normally closed contacts con¬ 
nected in series with the coils of the accelerating contactors. The coils 
of the relays are connected in the main motor circuit as shown. The 
relays are designed to be veiy fast in operation. They are provided 
with an adjustment, so that they can be set to close on a selected value 
of current. Figure 39 shows a relay of this type. 

When the run button is pressed to start, the main contactor M closes. 
Its main contacts connect the motor to the line, and current flows 
through the coil of relay SRI, An instant later the auxiliary contacts 
of M close to provide a maintaining circuit around the run button and 
also to energize the closing coil of contactor L4. However, the series 
relay is fast enough to open its contacts before the auxiliary contacts 
of M close, and so contactor 14 is not energized. When the motor 
has accelerated enough to bring the line current down to that for 
which the relay is set, the relay will close. A circuit is now provided 
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for lA, which closes, cutting out the first step of resistance and short- 
circuiting the first series relay. Current now flows through contactor 
lA and relay SR2. This relay opens its contacts in the interv’al 
between the closing of the main contacts of 1.4 and the auxiliary 
contacts. Consequently, no circuit is provided for coil 2A until the 
motor has accelerated enough to reduce the current to nonnal again. 
At this point relay SR2 closes, providing a circuit for coil 2A. Con¬ 
tactor 2.4, in closing, cuts out the second step of resistance, short- 
circuits relay coil Si?2, and allows current to flow through relay coil 



SRS. This relay operates in the above-described manner, finally 
allowing contactor 3A to close and connect the motor directly to the 
line. 

At first thought it may seem difficult to insure that the relay will 
operate in the relatively short time between the closing of the main 
contacts and the auxiliary fingers of a contactor. When it is con¬ 
sidered, however, that the speed of the relay may be as liigh as 
100 times that of the contactor, the matter does not seem so difficult. 
In fact, this method of control is very reliable and has been widely 
used for many years. Its chief disadvantages are that it recjuires a 
relatively large number of electric interlocks, which are undesirable 
from a maintenance standpoint, and that the relays themselves must 
be light to insure speed. 

Lockout Acceleration. Figure 45 shows a controller using one form 
of series-lockout acceleration. The contactors are shown in Fig. 35, 
and their operation is described in Chapter 5. Contactors lA and 2A 
are each provided with two series coils, one being a closing and the 
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otlier a lockout coil. Contactor 3A has in addition a small shunt coil 
to hold it closed if the running load is light and the pull of the series 
coil is low. Referring to the diagram, the initial inrush current flows 
from line LI through both coils of contactor lA, locking it open, and 
then through the resistance and the motor to line L2. The current 
also flows through the lockout coil of contactor 3A. This arrangement 
prevents any tendency of 3 4 to close on the pull of the shunt holding 
coil. When the current falls to normal, lA closes, short-circuiting step 
and also its own lockout coi’. Current now flows through the 
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closing coil and the contacts of \A, and through both coils of 2A. 
Contactor 2.4 is locked out until the current inrush, resulting from the 
closure of 1.4, has fallen to normal, when it closes. The closing of 2.4 
short-circuits step R2-R3 and the lockout coil of 2.4. Current now 
flows through the closing coils only of 1.4 and 2.4, and through both 
series coils of 3.4. When this inrush has fallen to normal, 3.4 closes, 
short-circuiting all the resistance, and also all series coils, on all 
contactors. Contactor 3.4 is now held closed by its shunt holding coil 
until the stop button is pressed. 

There are other forms of lockout contactors, some having only one 
coil and obtaining the lockout effect by means of a restricted iron 
circuit which becomes saturated on inrush current. The chief advan¬ 
tage of lockout acceleration over series relays is its simplicity, as no 
relays or interlock fingers are required. Its chief disadvantage is that 
it is not very adaptable to multispeed controllers because of the series 
coils. Another disadvantage is that, as the coils must carry motor 
current, they must often be wound of hea\y copper strap or bar, and 
a number of different windings will be required to take care of different 
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motor sizes. It is possible to use shunt closing coils, and also shunt 
lockout coils, without electric interlocks, and this is sometimes done. 

Voltage-drop Acceleration. Figure 46 shows a current-limit con¬ 
troller using the voltage-drop method of acceleration. The accelerat- 



Fig. 46. Voltage-drop Acceleration. 


ing contactors are provided with two coils, one for closing and the 
other for holding the contactor open. The closing coils are connected 
to line voltage through interlock fingers on the main contactor. The 
holdout coil of lA is connected across the first step of resistance, and 
it is designed to permit the contactor to close on the voltage obtained 
when normal full-load current is flowing through the resistance. Simi¬ 
larly, contactor 2A is arranged to close when normal current flows 
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through step and 3-A when normal current is flowing in step 

jR3~fi4. 

The initial starting inrush, being higher than normal current, holds 
all accelerators open. When the current falls to normal, contactor 1^4 
closes. Contactor 2^4 does not close because its holdout coil is con¬ 
nected across both steps R1-R2 and 222-223. The closing of 1-4 short- 
circuits step 221-222, and the resulting inrush of current increases the 
voltage across 222—223. The holdout coil of 2-4 is now connected across 
that step only, and, when normal crrrent is reached, 2-4 will close. 

Step 222-223 is now short-circuited, and the holding coil of 3-4 is 
connected across step 223-224 only, so that, when the inrush has again 
fallen to nonnal, contactor 3-4 will close. This method of connecting 
the contactors avoids the necessity of using any electric interlocks 
between them. If each holding coil were initially connected across its 
own step of resistance, it would be necessary to connect each closing 
coil behind interlocks on the preceding accelerator, as otherwise all 
accelerators would close as soon as the initial inrush had fallen to 
normal. 

Time-limit Acceleration with Contactors. The simplest means of 
time-limit acceleration is the use of contactors only, without any 
auxiliary" devices. Of course, the time required for a contactor to close 
is short, but the time required for acceleration is sometimes only a 
fraction of a second. If the accelerating time required were half a 
second, and the accelerating contactor required one-tenth of a second 
to close, then the use of five contactors would give the required time 
and would provide a very simple and dependable control. Though 
this method is not common, it has its application in high-speed drives, 
l)articularly in steel mills. 

Individual Dashpot Relays. A number of forms of small timing 
relays utilize the dashpot })rinciple. The relay consists of a piston, 
or i)lunger, operating in a dashpot, and provided with a valve to allow 
a rapid reset. A check valve or other means of time adjustment is 
also provided. The dashpot may be filled with oil or mercury, or may 
use air. The i)iston is mechanically attached, through a spring, to a 
contactor. AVhen the contactor closes, the spring is stretched and 
pulls on the piston. The piston moves slowly, against the action of 
the dashpot, and after a given time reaches the end of its stroke. At 
this point the auxiliaiy electric contacts of the relay are closed. 
Generally, a bypass is provided in the dashpot, near the end of travel, 
so that the final closing of the contacts is accomplished with a snap 
action. When the contactor opens, the piston is released and falls to 
its original position instantaneously, the valve permitting the oil to 
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flow past the piston in that direction of travel. Reliable timing up to 
approximately 30 seconds can be obtained from relays of this type. 

Although the dashpot timing relay is widely used because of its 
relative simplicity and low cost, it has serious disadvantages. The 
timing is likely to var>" with temperature and will be affected by any 
dirt or dust which gets into the dashpot or the adjustment valve. 
Since any oil used as a medium must have a unifonu viscosity over 
a wide temperature range, a special oil is required. Some dashpots 
have a tendency to pump and splash out the oil. If air is used as a 



medium, leather washers are generally required on the piston. These 
must be properly oiled for successful oi)eration. Too little oil will 
cause them to dry up and crack; too much oil makes the piston sluggish 
in resetting. Many liquids have been tried in dashpots with more 
or less success. A properly designed dashpot using mercury will give 
good results. 

A controller with dashpot timing relays is shown in Fig. 47. Pressing 
the run button closes the main contactor M. Tlie first timing relay 
is mechanically tied to this contactor. After a set time tlie piston of 
the relay completes its travel and the contacts close, c()mj)leting a 
circuit for the coil of the first accelerator lA. The second timing 
relay is operated by lA and controls the coil of 2A ; in like manner 
any desired number of accelerators may be controlled. The control 
is simple, easily understood, and inexpensive. 

Multicontact Timing Relays. Where it is not required to open and 
close the accelerating contactors individually for speed regulation, a 
multipoint dashpot timing relay may be employed. A device of this 
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type is shown in Fig. 40, and the connection for its use in Fig. 48. The 
relay consists of a solenoid, the plunger of which is retarded in its 
motion by a dashpot. The dashpot may be of the air, oil, or mercury 
type. The plunger of the solenoid is adapted to close a series of contact 
fingers, which are staggered so that they will close in a definite order. 
The contact fingers are individually adjustable, and the timing of the 
whole cycle may be varied by a valve adjustment on the dashpot. 
Since this device has its own operating coil, mechanical tics to the 



Fig. 48. Acceleration Uc^ing a Multi-circuit Timing Relay. 


contactors are avoided. There is also an advantage in having only 
one dashpot to maintain and adjust. 

The control circuits are simple. Interlocks on the main contactor 
energize the coil of the timing relay. The relay closes slowly, making 
circuits for the coils of lA, 2A, and 3-4, in order and at desired time 
intervals. When the stop button is pressed, the relay resets itself 
immediately. 

A device of this type, if properly designed, is sturdy and reliable. 
For small motors up to approximately 15 horsepower, the contacts of 
the relay may be built heavy enough to commutate the resistance 
directly, without the use of contactors. 

Various devices have been adapted to relays of the type just de¬ 
scribed, to replace the dashpot. One such device has an escapement 
and pendulum similar to those for clocks. The time is varied by 
changing the length of the pendulum. Another device utilizes magnetic 
drag to get time delay. A small electromagnet is used, and the motion 
of the relay plunger is made to revolve a metal disk in the field of 
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the magnet. The rotation of the disk is retarded by magnetic induc¬ 
tion. A device of this type is shown in Fig. 49. It is reliable and 
trouble-free, but relatively expensive. 



Fig. 49. Mapnotic Drag Timing Domco 


Motor-driven Timers. Motor-driven timers find application where 
long time is required, and where the starting is infrequent. A small 
pilot motor drives a contact cylinder, through reduction gearing. 
Figure 50 shows a scheme of connections in which the contact fingers 
control the coils of accelerating contactors. When the run button is 
pressed, the main contactor M closes, and through its electric interlock 
it energizes the pilot motor. The motor runs and revolves the contact 
cylinder, making circuits to fingers 3 and 4 first. At this time 
contactor lA is closed. When contact is made with finger 5, a circuit 
is made for 2A, and, on finger 6, 3A is energized. A little beyond this 
point in the cylinder rotation, finger 2 is de-energized, stopping the 
pilot motor. The main motor has now been started and brought u\) 
to speed. When the stop button is pressed, contactor M drops out, 
stopping the main motor. Normally closed interlocks on M energize 
the pilot motor through finger 3, so that the pilot motor starts and 
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runs until the contact cylinder has been returned to its original position. 
The motor is stopped at this point by the opening of the circuit to 
finger 3. 

The reset time thus required prohibits the use of the device on 
drives requiring rapid operation. 



Fig. 50. Acceleration Using a Motor-driven Timing Device, 

^Motor-driven devices are often used to handle motor circuits directly 
instead of through contactors. The design is particularly adaptable 
where it is desired to make one starter serve for motors of different 
sizes. To accomplish this result, a number of contact fingers are 
provided, so that a relatively large number of resistance steps are 
obtained. The resistance is designed to have sufficient ohms to start 
the smallest motor satisfactorily, and sufficient current-carrying capac¬ 
ity for the largest motor. The starter will then be satisfactory for any 
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motor in the range between those sizes. The larger motors may not 
start until several steps of resistance have been cut out, but there 
will be enough steps to insure good acceleration. The reason for a 
design of this kind is the desire to standardize, and to make one size 
and kind of controller serce as many sizes of motors as is reasonably 
possible. In one specific case, four sizes of controllers were designed 
to cover a range from 10 to 200 horsepower. 



Fig. 51. Monitor Motoi-dii\en Tuner. 


Figure 51 shows another form of motor-driven timing device for pilot 
circuits only, which is arranged to reset itself quickly. The current- 
carrying contacts are made in the form of rotatable di'^ks, each carrying 
an adjustable contact point. These di^ks are loosely mounted on a 
sleeve, which is carried on a revolving hollow shaft. Each contact 
disk is between two other disks, keyed to the shaft, and equijiiied 
wdth carbon blocks, which bear lightly against the contact disks. The 
hollow shaft is driven by a continuou^^-running pilot motor. A rod 
extending through the hollow shaft is arranged to be moved lengthwise 
by means of a magnetic solenoid. Normally, the contact disks are 
stationary, held in place by weights mounted on them. To operate 
the timer, the solenoid is energized, causing the rod to be moved in 
the shaft and forcing all the disks together. The contact disks are 
then driven by friction until they come into contact with the stationary 
posts on the slate panel. These posts serve to complete the electric 




INDUCTIVE TIME-LIMIT ACCELERATION 109 

circuit to the contactors which are being controlled; they also act as 
stops for the contact disks. After making contact, the disks simply 
slip between the driving disks. To stop, the solenoid is de-energized, 
and the contact disks are immediately returned to their initial position 
by the weights. 

Inductive Time-limit Acceleration. An important development in 
time-limit acceleration was the use of magnetic induction to give the 
time delay. When a constant direct voltage is impressed on a circuit 
having resistance, but neither induct mce nor capacitance, the current 
will instantly reach its maximum value, and any change in the voltage 
will instantly produce a corresponding change in the curient. When 
the voltage is removed, the current will instantly drop to zero. How¬ 
ever, if the circuit contains either inductance or capacitance, a period 
of time will be required for the current to reach its final value W’hen 
voltage is applied, and also for it to drop to zero after the voltage 
is removed. This is the basic principle of the inductive time-limit 
control. 

The accelerating contactors used have two coils, one for closing the 
contactor and the other for holding it open. The closing coil operates 
on line voltage, but the holding coil is connected across one or more 
steps of the starting resistance. The iron circuit for the holding coil 
is highly inductive, and the air gap is small. The stn ngth of the coils 
is so proi^ortioned that, with foil line voltage in the closing coil and 
only 1 per cent of line voltage on the holding coil, the contactor will 
be held open. 

A simple form of this control i.- shown in Fig. 52. The coils marked 
//n, HC2, and //C3 are holding-out coils. Those marked lA, 2A, 
3A, are closing coils. In the off position the holding coil of \A is 
energized, as it is connected to the line through a resistance A-B. 
When the run button is pressed, the contactor M is energized, connect¬ 
ing the motor to the line through the starting resistance. The motor 
current, flowing through the resistance, produces a voltage drop across 
the steps i?l-i?2 and i?2-i?3, so that contactors 2A and 3A are held 
open. Interlock fingers on M provide a circuit to energize the closing 
coils of the accelerating contactors, but they remain open because of 
the holdout coils. The interlock fingers of M also short-circuit the 
holding coil of lA. Because of the inductance of this coil, the current 
flowing in it does not drop to zero immediately but requires a period 
of time to do so. The contactor is held open until the current has 
dropped to practically zero, after which it closes. When lA closes, 
the first step of resistance is short-circuited, and also the holding coil 
of contactor 2A. Time is again required for the current in this coil 
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to drop low enough to allow 2A to close. When 2A closes, the holdout 
coil of 3A is short-circuited, and after a time 3A closes, completing 
the accelerating cycle. 

When an inductive contactor of this type is open, the magnetic gap 
between the core and the armature of the closing circuit is relatively 
large, and that of the holding circuit relatively small. The ratio is 
about inch for the closing gap, as against a few thousandths of an 



inch for the holding gap. Consequently, the holding coil is al)le to 
keep the contactor open with a very low current in the coil. When the 
contactor has closed, the magnetic gap of the closing circuit is zero 
and that of the holding circuit large, so that the holding coil, if en¬ 
ergized, would have very little effect. It follows that, as the contactor 
closes, the pull of the closing coil increases and that of the holding coil 
decreases, so that the closing is definite and the closing pull strong. 

Adjustment for the time is made by changing the magnetic gaj) in 
the holding coil circuit, a small gap giving the greatest inductance and 
the maximum time. 

Separate Inductors. The time which can be obtained with the 
inductive method is limited by the amount of inductance which can 
be included in the holdout coil circuit. There is a limit beyond which 
it is impracticable to make the holdout coils any larger, and, if the 
time required is longer than can be obtained, some other method of 
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increasing the inductance must be found. A separate inductor has been 
used. The inductor is simply a closed iron circuit upon which coils 
are mounted. The iron circuit and the coils are large, so that the 
device has a considerable inductance. 

One method of using the inductor is shown in Fig. 53. The coils 
HCl, HC2, and HC3 are holdout coils for contactors lA, 2A, and 3A, 



Fig. 53. Induefnp Tinic-hmit Accoleration Using a Separate Tnduetor. 


respectively. Coils lA, 2.4., and 3.4 are the closing coils. Coils TC2, 
T('3, and rC4 are the coils of the inductor, all of the same strength. 
It will be noted that coils TC3 and rC4 are reversed in polarity. The 
initial inrush current causes a voltage drop through the resistance, 
and, since the resistance steps are tapered, the voltage across coils TC3 
and HC2 is higher than that across coils T'C4 and HC3. Magnetic 
flux is therefore set up in the inductor in the direction of TC3, which 
we will call positive. The building up of this flux causes an induced 
current to flow in the loop formed by coils 7’C2 and HCl, which current 
continues to flow as long as the flux is changing. When the flux has 
completely built up, current is no longer induced in TC2 and HCl, 
and contactor lA closes. The closing of lA short-circuits the first step 
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of resistance and also the two coils TCS and HC2, Coil TC3 no 
longer produces flux in the inductor, all the flux now produced being 
due to TC4, The total flux therefore changes from positive to negative, 
and this change induces a current in the loop formed by coils TC3 
and HC2, During the time required for the flux to drop from its 
positive value to zero, and build up in the negative direction, the 
contactor 2A is held open. When the flux is again constant, current 
is no longer induced in HC2, and 2A closes. The closing of 2A short- 
circuits step R2-R3 and also the two coils rC4 and HC3. There are 
now no inductor coils connected to a voltage source, and the flux in 
the inductor drops to zero. During the time required for the flux to 
die down to zero, contactor 3A is held open by induced current in the 
coil HC3. When the flux is again constant, the induced current be¬ 
comes zero and 3A closes. 

With an inductor of this type the greatest time is always obtained 
by reversing the flux. The control scheme must be varied with dif¬ 
ferent numbers of accelerating contactors and with different time tapers 
between contactors. The required variations may be obtained by 
connecting the inductor coils across different steps of resistance, or 
by using coils of different strength or additional inductor coils to 
accomplish a specific result. 

Reversing Inductive Control. Since the inductive method of ac¬ 
celeration has found its greatest api)lication in connection with the 
auxiliary’' drives in steel mills and on cranes, it seems proper to include 
here a description of a reversing plugging control of the type used for 
that purpose. An additional contactor and resistance step are used 
to keep down the inrush when the motor is plugged, that is, connected 
to the line in the reverse direction while it is running full speed in the 
forw^ard direction. Under this condition the armature countervoltage, 
which has been op])osed to the line voltage, is added to line voltage, 
so that the total voltage across the resistance is approximately 180 
per cent of line voltage. As the motor decelerates, the voltage drops, 
until at zero speed only line voltage is left. The motor then accelerates 
in the reverse direction, just as if it were starting from rest. The 
plugging contactor should, then, remain open until the motor stops, 
and close at the instant of reversal. 

When the motor is started from rest, the plugging contactor should 
close at once, without any time delay. Figure 54 shows the connections 
for such an arrangement. The holding coil of the plugging contactor 
is connected at the midpoint of a circuit which consists of two small 
rectifiers and two resistors A and B. When the motor starts from rest, 
there is no counterv'oltage across the armature, and contactor lA closes 
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at once. When the motor is plugged, the countervoltage is high at the 
instant of plugging and causes current to flow through one of the 
rectifiers, holding out the plugging contactor. As the motor deceler¬ 
ates, the voltage decreases, finally becoming low enough to allow the 
plugging contactor to close at, or near, zero speed. The rectifiers are 
used to insure that the current in the holding coil will pass through 
zero. 



Fui. 54. Plugging Indiutive Time-limit Controller. 


General Electric Type MT Control. Figure 55 shov. ^ the connections 
for tlie General Electric Company’s mill type, or MT, control, which 
is of the inductive time-limit type. In starting up from rest in the 
forward direction, the directional contactors close, and, through an 
interlock on the IM contactor, tiie relay TR2-F is energized. This is 
a normally open relay, which closes immediately on the voltage drop 
across the armature and the resistor Closing of the relay 

provides a circuit for the plugging contactor 1.4, which closes immedi¬ 
ately. This is the operation desired when starting up from rest. The 
relays TR3 and T2?4 are small, normally closed relays similar to a 
series relay, except that they are provided with a core of a type which 
permits the flux to die down slowly. When the coil of the relay is 
short-circuited, the relay does not drop open immediately but delays 
for a short time. The time can be varied by changing the spring 
tension on the relay armature. 

Referring again to the diagram, the coil of one of these relays, TR3j 
is connected across the first step of resistor, and the coil of the other 
relay, TR4, is connected across the first and second steps of resistor. 
After the plugging contactor lA has closed in starting from rest, the 
coil of relay TR3 is short-circuited. A short time delay takes place, 
and then the relay armature opens, closing the contacts and permitting 
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the contactor 2A to close. When contactor 2A closes, it short-circuits 
the coil of relay TR4, and after a time delay this relay closes its 
contacts, pennitting contactor 3^ to close. In this way the accelerating 
time is obtained. It will be noted that, if the controller is started 


L2 LI 



M = main contactor 

IA = plugging contactor 

2A-3A — accelerating contactors 

TR2-F = forward plugging relay—normally open 

TR2-B — backward plugging relay—normally open 

TR2-TR4 — accelerating relays—normally closed 

Fig. 55. Diaj^ram of Goneral Eloctric Typr-MT Mill Conti oiler. 

from rest in the backward direction, the contactors 17? and 27? close, 
and plugging relay TR2-B is energized to bring in the contactor lA, 
after which acceleration proceeds just as in the forward direction. 

When the equipment is plugged, the voltage across the plugging 
relay, either TR2~F or TR2~B, is the algebraic sum of the counter¬ 
voltage across the armature and the voltage drop across the first step 
of resistor. On plugging, these voltages are opposed, and their dif¬ 
ference is practically zero. The plugging relay does not pick up until 
the motor slows down to such a point that its countervoltage has 
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dropped to practically zero. Then the algebraic sum of the two volt¬ 
ages mentioned is high enough to close the relay. In this way time 
is obtained on the first accelerator in plugging, but is not obtained 
when starting from rest. 

Clark Contactor. Figure 56 shows the Clark Controller Company's 
delayed time contactor. With this control neither inductor nor any 
auxiliary relays are used, and the time is obtained by means of a 
special core in the accelerating contactor. The rest of the accelerating 
contactor is the same as the di¬ 
rection and line contactois. The 
sketch shows the construction of 
the core, which is a hollow cylin¬ 
der containing a movable iron 
plunger. This plunger is held to 
the rear by means of a spring. 

The core is filled with a very 
light oil, and is soldered up so 
that it is conii)letely air-tight. 

When voltage is applied to the 
coil of the contactor, the inner 
})lug of the core is pulled to the 
front, against the action of a 
spring, so that a certain time is 
recpiired for the core to move. 

Wlien the plug readies the front 
of the core, the reluctance of the 
main magnetic circuit is de¬ 
creased, and there is then sufficient pull to close the armature of the 
contactor. The time may be adjusted by moving the annature of the 
contactor in or out to var\’ the magnetic gap. 

Combined Current and Time Limit. It is sometimes desirable to 
Use a combined current- and time-limit acceleration, and so obtain 
the advantages of time-limit acceleration, but with a time that is short 
with a light load and long with a heavy one. For instance, a drive 
might be lightly loaded and normally require a short time to start, but 
might sometimes be recpiired to start a very heavy load. One means 
of acceleration would be a motor-driven timer in combination with a 
current relay. The coil of the relay would be connected in the main 
motor circuit, so that tlie relay would open on high currents. The 
contacts of the relay would be connected in series with the piloi motor. 
Normally the timer would start up and accelerate the motor in the 
set time. However, if the load were unusually heavy, the relay would 
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operate to stop the pilot motor until the main motor had a chance to 
accelerate and the current to fall to a safe value. 

Electric Controller and Manufacturing Company’s Time Relay. 
Figure 57 shows a relay used by the Electric Controller and Manu¬ 
facturing Company in their current-time control. This equipment is 
similar to a series-relay controller in that the relays have series coils 
and are connected into circuit, in regard to both coils and contacts, 
exactly as if the controller were for straight current-limit control. 

There is a relay for each contactor, and each 
contactor is interlocked behind the previous con¬ 
tactor and through the series relay. However, 
the relays are different from straiglit current re¬ 
lays in that they will eventually close regardless 
of the load. The time for closing varies with the 
load. 

Briefly, the construction of the rd.y is as fol¬ 
lows: 

There is an iron core through ilie centci of the 
coil, and also an iron structure around the out- 
^ide of the coil. A sleeve of ‘^s-inch wall thick¬ 
ness extends about half way up the core inside 
the coil. Above this sleeve, which is j)ernianently 
fastened in jflace, is a inoval)le aluininuni sleeve 
^ ^ , of the same wall thickness and apj)roximatelv 
2 inches long. The contacts of the relay are 
mounted on the aluminum sleeve. When current is ajijilied to the coil 
of the relay, eddy currents are induced in the aluminum sleeve, and 
the flux produced by these eddy current- causes the aluminum sleev(‘ 
to be repelled up out of the coil. If tlie steel core of the relay were 
long enough the aluminum sleeve would rise iierhaps a coujile of feet. 
However, since the steel core stojis at the top of the coil, and since, 
as soon as the aluminum core goes past the end of the steel con*, it 
begins to cut the main flux, which is crossing the gap between the steel 
core and the outside steel structure, the rise of the aluminum sleeve 
is stopped. The current in the main coil now })ecomes steady, or nearly 
steady, and the aluminum core begins to fall by gravity. As it falls, 
it again cuts the main flux of the coil and so sinks slowly into i)lace. 
If the load is light, the flux is low, and the aluminum sleeve will fall 
rapidly. In this way the time recpiired for the relay to close varies 
with the load, but the relay will always definitely close, even though 
the motor is stalled and does not accelerate. 
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Timing with Capacitors. It has long been known that timin g could 
be obtained by allowing a capacitor to discharge through a contactor 
coil, but the principle has been widely applied only in recent years. 
One reason for this is the fact that the development of radio equip¬ 
ment, and of capacitor motors for refrigerators and other applications, 
resulted in the development of dry-type electrolytic capacitors suitable 
for motor-control work. 



Fit. 5S C' i]> K itoi-timed Am leiatins Rel iv 


Tht* tiininj» of a capacitor ciicuit iis given by the equation: 

T = KI{C{}ogEi - log E 2 ) 

where T = time in seconds. 

K = ix constant (0.00000230). 

R = tlie circuit resistance in ohms. 

C = the capacitance in microfarads. 

El = the initial voltage across the capacitor. 

Eo = the final voltage across the capacitor. 

If logs are to the base c, iv = 1 0. One method of timing with capaci¬ 
tors is to Use a timing relay as shown in Fig. 58. This relay has a 
relatively large coil of high resistance, say, 20,000 ohms for 230 volts. 
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It has three independent armature members, which close when the 
relay is energized. One member has a fixed magnetic gap and operates 
normally open contacts. The other two members have independently 
adjustable magnetic gaps and operate normally closed contacts. Figure 
59 shows the use of the relay for motor acceleration. In the off 
position of the controller, the capacitor is charged through the interlock 



Fig. 59. Method of Timing Areclfration >)y Capacitor Discharge. 


on M and the resistance A-B, which is a relatively low resistance, say 
1000 ohms, to permit rapid charging of the capacitor. It is advisable 
to include such a resistor in series with the capacitor, jiartly to limit 
the surge through it, and also as a guard against short circuit if the 
capacitor should not be replaced before it deteriorates and fails, as it 
eventually will. 

The timing relay CT is energized, closing contact CTl and opening 
contacts CT2 and CT3, The resistor E-F is high enough to prevent 
the closing of ilf, and so serves as an interlock to insure that CT is 
energized and closed, beforu M can be closed. When the run button 
is pressed, M closes, starting the motor and opening the circuit to CT 
by interlock Ml, The capacitor then discharges through the coil of 
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CT, the resistance A-B, and the high resistance C-Dj which might be 
50,000 ohms for 230 volts. As it discharges, its voltage drops, and the 
pull of the coil CT is reduced. Contact CTl opens, inserting resistance 
E-F, and then, after a few seconds, the armature member carrying 
contact CT2 drops open. This closes contact CT2 and energizes accel- 



Fig. 60. Capacitor Timing of Double-coil Contactors. 


crator lA. A few seconds later the armature member carrying contact 
CT3 drops open and accelerator 2A is energized. 

A typical capacitor for this service will have a capacitance of about 
25 microfarads. It should serve for a couple of years or longer, and 
it is inexpensive and easy to replace when it does wear out. Its timing 
will be constant, and, since it has no moving parts, it will not be 
affected by dust and dirt. 

Larger controllers, having more than tw’o accelerating contactors, 
require tw’o timing relays with their associated condensors. The second 
relay w’ould be operated by an interlock on contactor 2A, just as the 
first relay is operated by the interlock 3/1. 
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Double-coil contactors, as used for inductive time-limit control, may 
also be timed by capacitors, as shown in Fig. 60. The circuit is similar 
to that of Fig. 52 except that the holdout coils are of high resistance 
and are connected across the line to hold the accelerating contactors 
open. The capacitors are charged in the off position of the controller. 
In starting, the interlock M2 opens the circuit to IICl, and the capaci¬ 
tor then discharges through that coil. When the condenser voltage 
has dropped low enough, the contactor closes, and an interlock on it 
opens the cir iiit to the next holdout coil. The timing may be 
adjusted by varjung the magnetic gaj) of the holdout coil, just as for 
inductive time-limit acceleration. This method has largely replaced 
the separate inductor method of Fig. 53. 

Calculation of Accelerating Time. For the method of calculating 
the time required to accelerate or decelerate a rotating body, see 
Chapter 15. 
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Problems 

1. A 50-hor>'power 230-volt 180-ampeu- niotoi ha^ an ‘rmatun' icM'-tance of 
5 per cent of E/I. Plot a speed-torque cur\e Miiiilar to l*ig. 42. for tlu^ nu>tor, 
using four -teps of resL'^tance, equal mrudie.^ on each Mep, and '-tepv cut out 
at 100 per iLut load. 

2. What is the total resistance required (motoi and control hr) in per cent of 

E/n 

3. What is the re.^istance required in the controller, in ohiiis*? 

4 . Calculate the ohms required in each .'*le]> of the re^i^tor. 

6. Calculate the resistance of each ^tep in p(*r cent of E/I. 

6. Using the values calculated in i^robleiii 5, det(Tiniiie the ohms reciuircd in 
each otep of a resistor for a 15-horM'power 115-volt motor 

7. ITsing the cur^^e prepared for ijroblem 1, and the same n’.M.^tanct*.*?, deter¬ 
mine the current inrushes which will be obtained on each step if current -limit 
starting is used, and the relays are set to cut out the steps when the ciirrcmt drops 
to 120 pei cent of full load. 
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8 . A capacitor having a capacitance of 100 microfarads is charged at 230 volts 
and then discharged across a resistor of 500 ohms. What is the time required to 
discharge to 20 volts? 

9. l^lot a speed-torqu(‘ curve similar to Fig. 42, for a shunt motor, the starting 
]>eak currents being limited to a maximum of 130 per cent of full load current, 
and the contactors closing at 100 per cent of full load current. How many resist¬ 
ance steps are required? 

10. Plot a spe(«d-torque curve for a shunt motor driving a fan, assuming that 
the initial running torque r(‘quired is 30 per <‘ent of full rated torque and that 
the torque increase's dir(>ctly with the speed until it reaches 100 per cent at 
95 p('r cent of full no-load <peed. .-^il accelerating peaks are to be 130 per cent 
of full-rat(*d torque, and the contactors are to close when the torque is equal 
to the load torque n'quiretl at the speed reached. How many resistance steps are 
required? 

11. Draw an c'lementaiy^ diagram of a reversing controller for a shunt motor, 
including the following: 

1 line contactor. 

4 reversing conta(‘tors. 

1 plugging (‘ontactor controlled by a series relay. 

2 acc<‘lerating contactors controlled by mechanically operated timing relays. 

Forward-rever>e-stop pu>hbutton.-. 

12. Draw an (‘h'liK'iitary diagram of a non-reversing controller for a shunt 
motor, using three accelerating contactors, one a countervoltage contactor, one 
a lockout contactor, and one controlled by a series relay. 

IS. A controller having three r(‘si<tor steps uses series-relay acceleration. If 
tin* adjustiiK'iit of the .M'cond s(Ti(‘s relay is changed ?( that it closes at a higher 
current, what will be tht' efft ct on the inrush peak on each of the four starting 
point >? 

14. A controller having three resistor steps u^es series-relay acceleration. If 
the* re.'-istor is changetl that there are more ohms in the first -^tep and corre- 
s]>ondingly lt‘>- ohm- in the sccoiul step, and the relay settings are unchanged, 
what will be the (‘tb'ct on the inni>h i)eak on each of the four starting points? 

15. Draw a >pe<Ml-torque curve for a shunt motor driving a fan. assuming that 
the initial ruiiuing torqiu* n'ciuirt'd is 20 per cent of full-rated torque, and that 
tlu‘ torque increa.‘4t‘> diixvtly with the speed until it reaches 100 per cent at 
95 i)(‘r cent of full no-load spcvil. Each accelerating peak is to be 50 per cent 
mort‘ than the required running torque at that point, and the accelerating con¬ 
tactors arc' to c-loM' at UK) per c*ent of the torque required. 

16. If the' total rc‘-istanc*c' rc'ciiiired for this controller is 2.5 ohms, determine 
from tht' curve' how many ohms will be inquired in each resistor step. 

17. \ .-hunt motor ('cpiippc'cl with a st'iies-relay controller is drivinj; a machine 
whic'h has a tlyvvlic'c'l. It i.- found that at c*ertain points in the machine' cycle 
the ovc'i-load on tht' motor is too grc'at, and it is desired to increase the flywheel 
c'fTi'ct. Will it hc'lp to 

(u) Incrc'a.-e the olirn.^ of the starting ivsi.'^tanc'e? 

(h) Sc't the' .sc'iies ivlays to clo.se at a lower current? 

(c) C\)nncMt a small amount of resistance permanently in series with the 
motor? 

(c/) Drop out the last accc'h'rating contactor when the peaks occur? 
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18 . A 250-horsepower motor has a full-load speed of 420 rpm, and a WR^ of 
900 Ib-ft^. Calculate the rated torque of the motor, and determine how lonR 
it will take to accelerate to full speed if it is provided with an electronic con¬ 
troller which will hold the accelerating torque constant at 150 per cent of rated 
torque (see Chapter 15). 

19 . If the motor of problem 18 is geared directly to a flywheel which is a solid 
cylinder having a diameter of 4 feet, and weighing 2000 pounds, how long will 
it take to accelerate? 

20 . If the speed of the flywheel is doubled by gearing it through a 2-to-l gear 
train, how long will it take to accelerate the motor? 

21 . If the m( «or is provided with a contactor-type controller which allows 
an average accelerating torque of 25 per cent, how long will it take to accelerate 
under the conditions of problem 19? 

22 . Under the conditions of problem 19, how long will the accelerating ])eriod 
be if the 250-horsepMwer motor i*® replaced by two 125-horsepower motors, eacli 
having a WR^ of 300 Ib-fts? 

23. Under the conditions of problem 19. calculate the accelerating time if the 
speed of the flywheel is increased 30 j^er cent by the* \\>o u. gearing, and the 
250-horsepower motor is replaced by two 125-horsei)ower motoi 5 . 
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THE DIRECT-CURRENT SHUNT MOTOR 


General Description. Direct-current motors are made in many 
forms, and witli many types cf windings, but they all fall into one of 
two general classes. When the main field winding is designed for con¬ 
nection in parallel with the armature, the machine is a shunt motor. 

When the main field winding is 
designed for connection in series 
with the armature, the machine is 
a series motor. 

The field of the shunt machine 
is not affected by changes in the 
armature current, and the motor 
speed is relatively constant with 
different loads. 

The armature current of a 
series motor also passes through 
the field, and so the field strength, 
and the speed, will vary widely 
with the load. 

Many motors are built with 
both shunt and series fields, and 
their characteristics may fall any¬ 
where between those of the shunt 
machine and those of the series 
machine, depending upon the rela¬ 
tive strength of the two fields. 
Figure 61 shows the general char¬ 
acteristics of shunt, series, and 
compound types. 

Motors having a predominating shunt field and a relatively light 
series field arc called compound motors. The light series field is sup¬ 
plied to increase the starting torque and to cause the speed to drop off 
a little under heavy load. Compound motors are used for the same 
general purposes as shunt motors and are controlled in the same man¬ 
ner. They are treated in this chapter. 
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Fio. 61. Specd-torquo Charaftoristics 
of Dircct-furrent Motors. 
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Motors having a predominating series field and a relatively light 
shunt field are called series-shunt motors. The light shunt field is 
supplied to prevent excessive speed under light load. Series-shunt 
motors are used for the same general purposes as series motors and 
are controlled in the same manner. They arc treated in the chapter 
on series motors. 

Shunt Motor Ratings. NEMA standard ratings for shunt motors 
are given in the tables below. 

Standard hoisepower ratings for const ant-sliced motors arc as given 
in Table 9. Table 10 gives the minimum, or base, speeds. 

TABLE 9 

Standard Horsepower Ratings for Direct-current 
Integralt-horsepower Motors 


1 

7J2 

30 

101. 


10 

40 

125 

2 

15 

50 

150 

3 

20 

60 

200 

5 

25 

75 



TABLE 10 

Standard Minimum Speeds (rpm) for Direct-current 

IxTEGRAIi-HORSEPOWER MoTORS 


3500* 

575 

300 

1750 

500 

250 

1150 

450 

200 

850 

400 

150 

690 

350 

100 


* 3500 rpm is not standard for 1 horseji >wer. 

Construction. A direct-current shunt motor \\:i< a stationary field 
member and a rotating armature member. The fraii e of the motor 
may be ca&t or fabricated steel, and to it are bolted ste»d pole members, 
around which the field coils are placed. The pole i)ieces are u>ually 
laminated to reduce the inductive effect and to make the field flux 
build up quickly when the field is energized. The main field coil.'- are 
wound of insulated wire, either in a form or on a bobbin, and arc* 
mounted on the pole members. Figure 62 shows the general construc¬ 
tion. It also shows a stabilizing winding, which is a light series field 
wound on the ends of the main pole pieces, next to the armature. The 
stabilizing winding is used on adjustable-speed motors, to insure stable 
operation when the main field is weakened. If it were not used, arma- 
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turc reaction at liea\'y loadh might nullify the main field flux. Between 
the main field poles are mounted commutating field poles, which are 



Fio 02. Statoi ol a Diu'ct-cunont Shunt Motor (Coiii*o\\ Reliance Electric & 

Engmeoimg Companj) 


wound with u bar or ^trap winding conncctod in series with the 
armature; they are u>ed to improve commutation by opposing the 
armature reaction. 

The armature i^ made up of laminations bolted together on a shaft, 
and liaving slots parallel to the shaft, in which fonned coils are placed. 
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A commutator is mounted on one end of the shaft, and the ends of the 
annature coils are connected to the bars of the commutator. Carbon 
brushes, mounted to the motor end frame, ride on the commutator 
bars, providing a means of connection to the armature coils. 

The resistance of the shunt field is relatively high, since it is con¬ 
nected across the supply lines. The resistance is a matter of motor 
design, and the value must be obtained from the motor manufacturer 



I iO 63 Con^tiuction of a Diicct-riiriont Miunt Motor (ComicR cIkukc 
E lecliK & Engine c mg Compim) 


Motor Torque. The motor field winding set-- up a magnetic field, 
in which tl^e armature is located. The armature windi igs and brushes 
are so arranged that, when the armature is energized, it become^ a 
magnet with its poles offset enough from the field poles to cause 
maximum attraction between field and armature, and piovide maxi¬ 
mum turning torque. As soon as the armature starts to turn, the 
connections are changed through the commutator, so that the magnetic 
poles of the armature are set back enough to compensate for tlie 
movement of the armature. In other words, the commutator serves 
to change continually the portion of the armature winding whicli is 
energized, and to keep the north and south magnetic poles of the 
armature in a fixed position relative to the field poles. The armature 
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therefore has a practically constant turning torque, which is propor¬ 
tional to the magnetic strength of the field and that of the armature. 
For any direct-current motor, then, 

T = laF [1] 

T is the torque in percentage of full rated torque, where F is the 
field strength or magnetic flux in percentage of normal. 

la is the armature current in percentage of full rated current, In¬ 
in this equation it is permi. ^ible to use the armature current as a 
measure of the armature magnetic pull, because the armature winding 
is a relatively low-resistance low-inductance circuit, and the magnetic 
field produced by it is directly proportional to the armature current. 
This is not true of the field circuit, which is a highly inductive circuit, 
and in whi(*h the magnetic field is not directly proportional to the field 
current. It is therefore necessary to use the field magnetic strength F 
in calculations, and to determine the field current required to produce 
F from a curve of field current versus field strength which is called a 
field saturation curve. For accurate work a curve of the actual motor 
in (luestion shouM be used, but for most work a typical curv’e is 
sufficiently accurate. Such a curve is shown in Fig. 82. 

Motor Speed. When a motor armature is first energized, the only 
factor limiting tlu' current is the ohmic resistance of the armature. 
As soon U'' the armatui\ begins to turn, its conductors start cutting 
through the magnetic fielil produced by the field winding, and by so 
doing generate in the armature conductors a voltage opposite in direc¬ 
tion to the applied line \oltage. This countervoltage is proportional 
to the speed N of the armature and to the strength of the field, or, if 
we work with the values in per cent of their normal or full rated values, 

Ea = KSF [2] 

K is a constant. The voltage which forces current through the arma¬ 
ture is the differen(‘e between line voltage E and countervoltage Ea- 
Therefore, as the motor speed increases and the countervoltage rises, 
the armature current drops, and, as it drops, the motor torque drops 
with it. The final speed of the motor can never quite reach the speed 
required to generate line voltage, because there would then be no 
armature current and no torque. 

The final speed reached will be just enough below that value so 
that the difierence between line voltage and countervoltage will send 
enough current through the armature to provide the torque necessary 
to turn the armature. This torque will depend on the load on the 
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motor. The voltage {E — which forces the current through the 
annature against the motor resistance, is, by Ohm’s law, equal to 
and, therefore, 


or 

but 

and, by substitution. 


E - Ea^ laRm 

Ea = E - laRm 
Ea = KSF 

E - laRm 


S = 


KF 


[3] 

[ 2 ] 

[4] 


All of these values are in i)ercentage of normal. To determine the 
constant X, assume that 7„ = /„ or full load. Then, by definition, 
^ and F become l.C, and 


Then, 


K = E-- laRm 
^ ^ E - IgRm 
“ F{E - laRm) 


[5] 


To determine the speed when there is external resistance in series 
with the armature, let R = the total resistance of the motor and exter¬ 
nal resistor. Then, 


S = 


E-IaR 
F{E ~ IM 


I<‘>] 


With equations 1 and 5 for the torciue and si)eed. resj^ectively, tlie 
procedures necessary to control the motor may be determined. 

Starting. Inspection equation 3 will show tliat tlie ^peed will 
var>" wdth the motor voltage droj) and there lore it is necessary 

to make the armature resistance low’ to prevent w’ide sjieed changes 
w’ith chaasr^s in load. A high motor resistance w’ouh’ also result in 
too high a resistance heat loss in the motor. If a motor having a 
resistance of O.ObE/I were connected directly to a supply line, the 
resulting inrush current w’ould be 20 times the normal full-load motor 
current. The resulting tonpie w’ould be 20 times normal, and the 
initial heating of the motor would be at the rate of 400 times normal. 
Probably neither motor, driven machine, nor jiow’er line would stand 
this punishment. The voltage across the motor must be reduced in 
some w’ay, and the simjfiest and commonest w’ay is by connecting a 
resistor in series with the armature. The resistor must allow' more 
than full-load current to flow, so that there w ill be some excess current 
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to accelerate the load. With large motors a usual value is 150 per 
cent of normal, and with small motors as much as 300 per cent may 
be allowed. 

The ohms required may be determined by Ohm s law, from the 
equation 

E 

R = - [7] 

■!« 

where R = the total ohms required in circuit. 

E = line voltage. 

Is = desired starting current in amperes 

From this total tlie motor resistance may be subtracted, but, since 
this resistance i> so low as to be negligible, R is commonly considered 
the value recjuired in the controller. 

Acceleration. When the motor starts to turn, it will accelerate in 
speed as long as its torque is greater than that required by the load. 
As the motor accelerates, its countervoltage rises, and its armature 
current droi>s, with a corresponding drop in torque. It is then neces¬ 
sary to reduce the resistance, as the motor speed increases, by cutting 
out, or short-circuiting, a step at a time, until finally all the resistance 
is out of circuit. The acceleration process is described in detail in 
Cliaj^ter 6. 

A graphical method of designing the resi^’or for acceleration is 
>h()wn in Fig. 04. Since the countervoltage developed is proportional 
to the speed, the ordinates represent both percentage of speed and 
percentage of (‘ountervoltage. The base line is jiercentage of full-load 
current. Assuming that 175 per cent inrush is allowable, the total 
resistance, including motor and line, will be 

E 

R = - 

1.75/ 

The point a represents the first inrush, and the motor will accelerate 
along a line drawn from a to 100, but if fully loaded will not accelerate 
beyond point />, as full toniue requires 100 per cent current. Therefore, 
at h a step of resistance imist be cut out. Point is selected to give 
an inrush ecpuil to a, and a line is drawn from c to 100. This procedure 
is followed until a point is reached at which a line drawn to 100 will 
fall either directly on point h or veiy close to it. 

The line gh rei)resents the motor characteristic curve, and the line 
kh is the drop in speed between no load and full load, due to the 
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resistance drop in the armature and leads. The point h then represents 
the maximum speed to which the motor will accelerate under full load. 
It is only necessary to provide resistance to accelerate the motor to 
that point. If the last curve falls directly on iioint h, the design is 
correct, and with three steps the desired inrushes will be obtained. 



If it falls between k and the inrushes may be reduced slightly. If it 
falls between / and /i, the inru.'shes must b(‘ iner(‘ased, or, if this not 
l)ennissible, another step will be necessary. In that event the inrushes 
would be reduced until the final accel(‘rating curve jiassed through 
point h. 

Each of the curves a6, rr/. and ef rejiresents a characteristic curve* 
of the motoi with a certain amount of resistance in series, gh is the* 
curv^e of the motor alone jdus line resistance, ab is the curve with all 
resistance in series, cd the curve with one ste]) cut out, and ef the* 
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curv’c with two steps cut out. The line gh represents the voltage drop 
across the motor at full load. Similarly bd is the drop across the first 
stej) of resi.stanco, <lj that of the second step, and jh that of the third 
step. The ohms required are then 

bd E 

First step = — X- 

hk 1.757 

o , df E 

Second step = — X- 

bk 1.757 


Third step 


fh E 
^ 1.757 


l"n(l(‘r full load the motor will run at speed b with all resistance in 
circuit, at ])oint d with one ^tep cut out, at point / w’ith tw’o steps out, 
and at j)()int h with all re^i^tance out. If the load varies, the speed 
w'ill vary aNo, ahva>> falling on one of the curves. 

To design a rc'^i^tance graphically in the manner described, it is 
ne(‘e>saiy to know’ or to assume the motor resistance. The base cur¬ 
rent, or point at which the re^i^tance c^teps are cut out, will be known. 
Then, if th(‘ inrush i'^ knowm, the number of steps can be found, or, 
if the ^t('pv are known, the inru^h can be found, and in either event 
the tajier of the re>i>tance ^tcp^ can be determined. 

Tlu‘ following example will illustrate a non-graphical method of 
calculating an accelerating resistor: 

A^^unle a oO-horsepowxr 230-volt motor having a full-load current 
of IM) amperes, and assume that it is desired to limit the starting 
inrushes to 175 per cent of full-load current, or 315 amperes. The 
r(*sistance sti'p^ are to i>e cut out when the inrush current has dropped 
to normal. The resistance of the motor and the leads to it may be 
assumed to be approximately 11 per cent of E/Ij or 


0.11X230 

Motor resistance =-= 0.14 ohm 

180 


The total resistance including the motor is 

230 

li = — = 0.73 ohm 
315 

When the circuit is closed, an inrush of 315 amperes occurs and the 
motor starts to accelerate. As it accelerates, it generates a counter- 
voltage, so that the voltage across the resistance and the current from 
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the line decrease. When the current has dropped to normal full-load 
value, the voltage across the resistance is 

Eo = 0.73 X 180 = 131 volts 

At this point the first step of resistance is cut out, and the remaining 
resistance, to give a second inmsh equal to the first, is 

131 

Ra =-= 0.418 ohm 

315 

Further acceleration of the motor causes the current to drop to nor¬ 
mal again, when 

Fa = 0.118 X 180 = 75 volts 

Proceeding in the same manner, the rest of the calculation is carried 
through. 

75 

Rh =-= 0.238 ohm 

315 

F 4 = 0.238 X 180 = 42.8 volts 
42 8 

R =-= 0.136 ohm 

315 

This value is practically tliat of the motor resistance. The con¬ 
troller resistance steps may now be calculated: 

Ri — R — Ra = 0.73 — 0.418 = 0.312 ohm or 53 per '‘cnt of the total 
R 2 = Ra — Rb = 0.418 — 0.238 = 0.180 ohm or 30 per cent of the total 
i ?3 = — /fc = 0.238 — 0.136 = 0 j02 ohm or 17 per cent of the total 

Allowance for motor and leads = 0.136 ohm 

Total = 0.730 ohm 

Three steps of resistance are therefon* necessary. If lower inrush 
peaks are desired, or if the step> are cut out at a current higher than 
normal, more steps will be recjuired. In other words, the nuniix'r of 
steps is inversely proportional to the ratio of the j)eak value and the 
base value. 

In this discussion the acceleration curve.s of the motor have bei*n 
assumed to be ttraight line>. Actually they follow the >hape of the 
motor chara* teristic curve, and bend slightly, so that th(‘ current peaks 
obtained in practice will not be quite so higli as those calculated above. 
The taper which ha& been determined in the example will be correct 
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for any resistor of three steps having inrush peaks of 175 per cent and 
l)ase currents of 100 per cent. That is, the total ohms required having 
been calculated, the first step will be 53 per cent of the total, the second 



^tep 30 per cent, and the hist step 17 per cent, regardless of the horse¬ 
power of the motor. 

Taper tables may be worked out for any number of steps and for 
(iifferent values of inrush and base currents The base current will 
generally be 100 j)er cent for timc-limit controllers, and 110 or 120 
T)cr cent for current-liiiiit controllers. The relays of current-limit 
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controllers must be set to close above full-load current, to insure that 
the motor will have torque enough to accelerate. The starting torque 
required by some machines is higher than normal, and the inrush and 
base currents must then be high enough to allow the necessary torque. 
If the starting torque is low, as in a fan or a centrifugal pump, it is 
advantageous to reduce the inrushes, applying only as much torque 
as is necessary. This will give a smoother acceleration and will not 
apply so severe a shock to the machine. Also it will reduce the ])ower 
required for starting and will generally result in some saving in resist¬ 
ance material. 

Figure 65 illustrates the acceleration of a motor driving a centrifugal 
iniinp. The load curve shows the torque required to drive the pum]) 
at any speed. At low speed the pump is not delivering much water, 
and the torque is low. As the speed increases, the tor(]ue increases 
also, until full torque is reached at full speed. Tin rise in the loa<i 
curve at 7ero speed is caused by the addition of th<‘ onpie reciuired 
to ov* rcome fiiction at starting. Obviously the application of 150 per 
cent torque to this drive would be excessive and unnecessary. The 
acceleration curves have been laid out grai)iiicalh to give increasing 
torque as the speed and load increase, anfl the base currents have been 
selected safely above the value required to insure aee(‘leration. Since 
the average current carried by the resistor is less than it would be 
if the base currents were at normal or above, less resistance material 
will be required. 

Reversing. Equation 1, for torciue, shows that the motor may be 
reversed by reversing either the armature or the fii Id but not both. 
It is customary to reverse the armature because the high inductanca* 
of the field windings makes them rehitiveiy hard to o])en and slow in 
response. Motors are often i»lugatd for (juick reversal, which m(*aus 
opening th(* armature circuit and immediately leconiiecting it in the 
reverse direction before the motor has sto])ped. 

Plugging. When a motor is idugged, or connected to the lim* in the 
reverse direction while still running full speed in tlu* forward direction, 
the countervoltage of the armature is added to that of the line in 
forcing current through the armature and series resistance. The series 
resistance must be increased to limit the current to the same valu(‘ 
obtained in starting from rest. This rerpiires an additional step of 
re.^istance and a contactor to short-circuit it just Ixdore the motor 
reaches zero speed and reverses. The total resistance is 

R _ g + ( g - 

Inrush current 
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A convenient formula for general use is 

1.8£ 1.2E 


where E = line voltage and / = normal current. 

The plugging step is determined by subtracting the value of the 
accelerating resistance from Rt, 

If the motor has speed regulation by field weakening, and the control 
is arranged to strengthen the field during acceleration, the counter¬ 
voltage will be increased in proportion to the field strength. For 
instance, for a 2-to-l motor. 


and for a 3-to-l motor, 


Rt = 


2.7E 

T5I 


Rt = 


3.6£ 


However, it is usually not essential to plug motors having speed control 
by field, and sucli controls may be arranged to prevent plugging. 
Some motors, particularly those for high-speed metal planers, are 
d(‘signed tt) stand plugging at weakened field. 

Shunt Motor. Dynamic Braking. The purpose of dynamic braking 
(Fig. ()()l is to obtain a (piick stop. The anaature is disconnected from 



Fiii. 66. Dynainii- Brakinj? (\>muH*tions for 11 Shunt Motor. 


the line, and a stej) of resistance is connected across it. The field 
remains on the line. Since the motor is turning, it acts as a generator 
and forces current around the loop lorined by the armature and the 
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braking resistance. At the start of the braking period the armature 
voltage is E — laRm, and the ohmic value of the braking resistance is 


R = 


E - IgRm 

I 


The value of I is dependent on the severity of the braking desired. 
It is usually set at 150 per cent of normal current, but, where very 
quick stopping is desired, the current may be allowed to go as high as 
300 per cent of normal. As the motor slows down, the generated 
voltage falls, and consequently the braking current and braking effect 
are reduced. At zero speed there is no braking effect, and the final 
stopping of the motor is due to friction. For vcr\" quick stopping tlie 
braking resistance is sometimes cut out in two or more stei)s as the 
voltage falls, thus keeping the current high. It is not unusual to stop 
a large machine in 1 second or less. 

JSiiunt motors having speed regulation by field co^itrol will com¬ 
mutate heavy braking currents better if the field is at full strength. 
It is customar>" to provide means to strengthen the field miring the 
braking period by short-circuiting all or a part of the field rheostat. 
If this is done, the braking resistance must be increased to coiniK^iisate 
for the increased countervoltage of the motor. For a motor having 
2-to-l speed increase by field, the resistance would be doubled. In any 
event 


R - 


E - IgRm 
I 


X S])eed range by field 


Speed Regulation below Normal. E(|uation 4 will .--how that the 
speed of a shunt motor may be reduced oelow normal by reducing 
the voltage across the armature oi by increasing the .‘-tnmgth of th(‘ 
shunt field. Since the field is already across the line, there is no 
practical way to increase its strength. The voltage to the armature 
may b« reduced by reducing the voltage of the generitor supplying it, 
but the u.se of resistance in series with the armature to obtain speeds 
below normal is wide sju’ead because of the simplicity of the method: 


Let E = line voltage. 

Rjn = motor n^sistance. 

R = controller re.sistan(*e. 

/ = current. 

*Sn = normal speed. 

>S = reduced specie!. 

En = counter\^oltage at normal speed. 
E„ = counter\mltage at reduced speed. 
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Then, 

En = E- IR„ 

Ea = E- (/«„ + IR) 

Since the shunt field strength is constant, the speed is proportional 
to the countervoltage, and 

E _ E„ _E - IR„ - IR 

S„~En E-IR„ 

S 

-(E- IR„,) = E-IR^-IR 


IR = E-IR„-iE- IR„) ^ 

Since aS 'S„ is the reduced speed in percentage of normal speed, 1 — S 'Sn 
is the percentage speed reduction, and 

(i? — IRm) X Per cent reduction 
R =- j - [8] 

R,„ may he assumed to be approximately O.ObE/I. The current I 
is not the full-load rated current of the motor but the actual current 
taken by the motor when ininning at reduced speed. 1 he load char¬ 
acteristics of most machines will fall into one of two classes, either 
machine-type or fan-type load. Experience shows that with a machine- 



Per cent speed reduction 

Fig. 67. Machine Load Curve. 
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type load the current follows approximately the curve of Fig. 67, 
being 80 per cent at 50 per cent speed, and 65 j^er cent at zero speed. 
The machine takes less power to drive it at reduced speeds, because of 
the reduction in friction and windage losses. With a fan-type load, 
the power required to drive the load varies as the cube of the speed. 
In addition, the friction varies with the speed. The resultant curve 



Per cent speed reduction 
Fig. 68. I'lin Load Cunc. 


of current versus speed is shown in Fig. 68. The two curve.s of fan 
and machine load characteristic'- will be apiilicable to the majority 
of installations, and the results obtained by employing them will be 
sufficiently accurate. Of course, if infonnation about the actual load 
is available, calculations should be ba^ed on that load, and, if accuracy 
is essential, data on the load should be obtained. There are two 
disadvantages in the use of series resistance for speed reduction, botli 
of which grow more serious as the speed reduction is increased. The 
first is the fact that, if the load is variable, the sjieed will vary with 
it, and the second is the fact that considerable power is wasted in the 
resistor. From equation 8, 

IR 

Per cent reduction = -- 

E - IR^ 

Since IRm is so small as to be practically negligible, the speed reduction 
varies almost directly with the load current. Reference to the curve 
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of Fig. 64 will show that this variation will not be serious with a 
small speed reduction but may be quite serious with a large one. If 
sufficient resistance is in circuit to give a small reduction at full load, 
so that the motor will run on curve e/, a 20 per cent increase m load 
will cause a speed change from 81 to 77, or 5 per cent. With a higher 
resistance and a greater reduction at full load, the motor will run on 
curve rd, and a 20 iier cent increase in load will cause a speed change 
from 67 to 60, or 11.5 per cent. With still higher resistance, and the 
motor running on curve ab, p 20 
per cent increase in load would 
cause a speed change from 43 to 
31, or 2S ])er cent. 

Because of this variation of speed 
with load, regulation by series re¬ 
sistance is usually limited to 50 per 
cent speed reduction. 

If the motor resistance is neg¬ 
lected, the speed reduction is pro¬ 
portional to the voltage drop across 
the controller resistor. A\ 50 per 
(•(‘lit reduction the voltage across the resistor is api^roximately equal 
to that across the motor, and, since the current is the same in both, 
the j>owi‘r lost in the resistor is e(}ual to the power used by the motor. 
At 75 per cent reduction the power loss in the resistor is three times 
the power takim by the motor. This method of speed regulation is. 
therefore, very inefficient. It should be used where the inquired reduc¬ 
tion is 50 jier cent, or preferably less, and where the slow speed is 
infre(|uently used. 

Armature Shunt Resistance. Variation of speed with changes in 
load may be reduced by means of an armature shunting resistor. The 
resistor is connected in parallel with the armature, and its purpose 
is to increase the current flowing through the series resistor. If the 
current flowing through the shunt is high in proportion to that in the 
armature, changes in the armature current will have relatively little 
effect on the current in the series resistance. Consequently, the voltage 
across tlie series resistor will not change very much with changes in 
load, and the speed will remain more nearly constant. The armature 
shunt method is of particular value for speed reductions greater than 
50 per cent and may be safely used to obtain reductions up to 90 per 
cent without danger of stalling. The method, however, is even more 
wasteful of energy than the straight series-resistance method. 



Fio. 69. Ai niaturp-'^hunt Connections 
for a Shunt Motor. 
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When designing an armature shunt resistance, the series resistance 
must be known. The other known factors are the desired speed reduc¬ 
tion and the load at the reduced speed. Referring to Fig. 69, 


E = line voltage. 

la = the armature current required to drive the load. If the load is 
unknown, use the ampere rating of the motor. 

R = the series resistance. This usually will be the accelerating re¬ 
sistance but sometimes will be determined by the load at the 
speed required. 

Ra = the resistance of the armature. For speeds above 20 per cent 
of normal speed, and for motors larger than 200 horsepower, 
this mav be assumed to be zero. In other cases average values 
are: 

5 hp Ra = 0.10£ I 
50 hp Ra = O.OoE I 
200 hp Ra = 0.04£: I 

Ea = the counter\'oltage of the armature at the desired speed. For 
constant field strength the countervoltage is directly propor¬ 
tional to the speed. 


Full speed countervoltage = E — laRa 
The desired speed being known, 


Ea 


Desired speed 

--^-- X CS - laRa) 

formal speed 


Es = the voltage acres., the armatuie (anil tho armature .shunt rc^sist- 
ancej. This is the sum of the couiitervoltage and the resi.stance 
drop in the armature. 


Es = Ea + laRa 

I = the current in the series resistaiice. 


R 

Ig = the current in the shunt. 

h = I -la 

Rg = the resistance of the shunt. 
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The current-carrying capacity of this resistor is easily determined, 
as the current is practically constant at the calculated value J*. 

Speed Regulation above Normal. Equation 4 shows that speeds 
above normal may be obtained by increasing the armature voltage, 
which is impracticable, or by weakening the strength of the field. 
The field is readily weakened by connecting resistors or rheostats in 
the field circuit. !Most standard motors will permit a speed increase 
of 10 to 23 per cent by field weakening, but for anything beyond that 
range a specially designed motr r is required, A range of about 6 to 1 
by field weakening is considered to be about the upper limit. This 
method of sjH'ed control is efficient, because the power lost in the field 
rheostat is negligible. The speed at any given field current is practi¬ 
cally constant for all loads. 

Wide Speed Ranges, ^^'here extremely wide speed ranges are re- 
(juired, they may be obtained by a combination of speeds below and 
above normal. The normal speed might, for instance, be reduced to 
20 i)er cent by a combination of series and shunt resistance, and 
increased to 4 times normal by field weakening. The whole range 
would then be 20 to 1. Adjustaole voltage is often combined with 
speed increase by field weakening to give a wide speed range. 

Overhauling Loads. As tlie load on a motor decreases, the speed 
increases, until, at zero load, there is no currerr in the armature, and 
the countervoltage is vqucA to the line voltage. If the load is negative, 
or overhauling, the coimtervoltage will be higher than the line voltage, 
and the motor will return power to the line. When the load is positive, 

Coimtervoltage -f- Resistance drop = Line voltage 
When the load is negative, 

Countervoltage — Resistance drop = Line voltage 

The increase in speed of a shunt motor, when the load is overhauling, 
is not very great, as the resistance drop is usually not more than 10 
JKT cent. However, if external resistance is inserted in the armature 
circuit, the speed will increase instead of decreasing. 

Special Adjustable-speed Motors. There arc two types of direct- 
current motors who.'io sjH'ed can be adjusted by varying the reluctance 
of the field circuit instead of by changing the field current. In one 
construction the armature and the field poles are slightly tapered, and 
tlie armature is shifted along the axis of the shaft by means of a 
hand wheel. By thus shifting the armature, the air gap between the 
armature and the field poles is changed. AVith a small air gap the 
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flux is greater and the motor speed is lower; and with a large air gap 
the speed is higher. 

The other motor of this type has hollow field poles wdth movable 
plungers, and the reluctance is varied by moving the plungers in and 
out. Comparatively few motors of this tyjie are used. 

Multivoltage Control. Motors are sometimes controlled by varying 
the supply voltage to the armature, instead of having resistance in 
series with the armature. The advantage of this method is, of course, 
that less power is wasted on the low speeds. The use of two voltages 
is qu'te common, and some installations have been made with a num])er 
of different voltages. However, more than two voltages are infretiuent 
because such vo'^ages are not usually available except in laboratories. 
Controllers of this type may be constructed with armature and field 
re^i^klnce control in addition to the multivoltagc control, and the 
combination will give a ver>" wide range of speed varn.tion. 

Adjust."Jle-voltage Control. Adjustable-voltage control i> a com- 
b]iiat on of multivoltage control and field control. A motor-g(‘nerator 
set is required in addition to the driving motor, and the first cost of 
the equipment i> therefore high. Speed is controlled liy varying the 
generator field to obtain low voltago on the armature of the motor, 
and by var\’ing the motor field to obtain >i)eed> al)()ve normal speed 
by field weakening. The advantages of the arraiigenu'nt are that the 
power losses in the resistor are jiractically negligible and that it i-^ 
possible to obtain wide variations in speed and very finely graduated 
increments. Adjustable-voltage controllers are di.‘-cuss(‘d in detail in 
Chapter 9. 

Motor Protection. In addition to its i)riTicipal function of ctaitrol- 
ling a motor, a controller usually in ‘lodes devices to i)roti‘ct the motor 
and its driven machine. Protection against »)verload is included as a 
part of most controllers. Thermal overload ndays are used to somi* 
extent for direct-current motor*-, but a more common practice is to ust* 
a magin-eic relay which has a time-delay action on oi linary overloads 
but will trip out instantaneously if the motor stalls. Tlu* instantaneous 
trip feature is desirable because the stalled motor curnuit may be as 
high as 20 to 40 times normal, and the motor might be burned out 
before a thermal relay would trip. 

Shunt motors are often protected against loss of field, and against 
too rapid acceleration or deceleration, by field control. The methods 
are described in Chajiter S. 

Manually Operated Controllers, Manually operattMl controllers for 
shunt motors are made in three jirincipal forms: face-plate controllers, 
multiple-switch controllers, and drum controllers. 
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FAC6*pld.t6 Type. Figure /O shows a typical face-plate-type con¬ 
troller, and Fig. 71 is a diagram of it. Connection is made from one 
side of the line to a lever, which carries a contact brush, or shoe. The 
brush rides on a series of stationary contact buttons to which resistance 
is connected. When the le\er i> moved to the first button, the circuit 
is closed, and, as the lever i> moved on across the buttons, the resistance 
is gradually short-circuited. The last contact is connected directly to 
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lit. 70 WultrliuuM' DiH'(*t-(uri*ont Facr-plate Starter. 


the motor. Tlu* lever i> jirovidcd with a spring which will return it 
to the off position if it i^ relea>ed at any time during the starting period. 
When the lever ha^ reached the final contact button, it engages a 
pivoted armature, or keeper, which clo^es the magnetic circuit of a 
small magnet. The magnet holds the lever in the on position as long 
as there voltage on the line. In the event of voltage failure, the 
lever i.^ released and return.^ to the off position. This avoids the 
danger of (‘ome'cting the motor directly to the line when power returns. 

When it i> used with shimt motors, the common practice is to connect 
the release coil in series with the shunt field, so that any failure of the 
fiekl circuit will release the lever and stop the motor. The shunt field 
is energized on the first contact button, insuring full field from the 
moment of starting, ami a connection is also made from the first button 
to the frame of the release magnet so that the starting resistance will 
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not remain in the field circuit when the motor is running. The use of 
the release coil in series with the field requires that the coil be selected 
to suit the current of the motor with which it is to be used. Usually, 
when these release magnets overheat or fail to hold properly, the 
trouble is that the field current is not what it was expected to be. The 
release coil may be connected directly across the line if desired. With 
small series motors, the coil is connected in series with tlie line, but 

above 10 ami)eres a shunt coil 
connected across the line is used. 

Several types of contact but¬ 
tons are used. The cheai)est, 
made from brass rod, is simply 
a headed stud, the head being 
the contact and the shank ])ass- 
ing through the .date to pennit 
the resistor coniu-dion. The re¬ 
newable contact is a better con¬ 
struction. It con>ists of a stud 
to whieii the In^ad i.'^ threaded. 
The head is hexagonal, and the 
contact is an hexagonal caj) at¬ 
tached to the hea<l. Thi.*- type 
of button may be renew(*d when 
worn, without distur))ing the 
stiul or the wiring to it. Hutton 
coiitact> are umcI up to 40 am- 
peres. Above that rating >eg- 
i.ient contact.- are u.-e<l. The>e 
are copper se^m(‘nt^, held in 
place by a '-crew at each end. The screw> fa.vt(‘n to .-houlden'd >tud> 
through the panel, so that the segment.s ai‘(‘ rai>efl from tla* slate. The 
segment.' may easily be removed for replacement wi liout disturbinir 
the rest of the panel. Segments are made in varif)us sizes and are 
generally employed up to 50 horse])ower. 

When buttons are used, the last one, which carries the currtait con¬ 
tinuously, is made larger than the others. In the larger controlhu’s 
with segments, the additional capacity at the continuou.s-duty point 
is ')btained by means of a laminated bridging brush, which mak(‘s 
contact on two posts. One of these posts is connected to the bearing 
point of the lever, or hub post, and the other to the last segment. 
The running current, then, does not flow through the lever and sliding 
brush. 


Lines 



Fig. 71. Diapram of a Di reel-current 
Face-plate Starker. 
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The operating lover may be east steel, but more frequently it is of 
drawn steel. The shoe is of brass and is backed up by springs so 
that it is always under pressure. Follow-up, or wear allowance, is 
])rovi(led, and the shoes are also renewable when worn out. 

Most of the present-day face-plate controllers are enclosed and 
arranged for oj)eration by a lever on the outside of the case. The lever 
has a bearing in the door of the case, and half of a coupling is mounted 
on the inside end of the lever shaft. The other half of the coupling 
is mounted on the lever nf the 'ontroller. The coupling halves are 
provided with pins and corresponding holes, so that the door can 
be closed only when the inside and outside levers are in the proper 
relation to each other. The enclosure is usually dust-proof in front 
and ventilated in tlie rear where the resistor is mounted. Dust-tight 
or water-tight enclosure may be obtained. 

The resi.stance material for face-idate starters may be cast-iron 
grids, in the larger sizes, or some form of wire-wound unit for the 
.'^mailer sizes. The resistance is usually designed to allow the maximum 
inrush that the motor and fuses will stand and still have the fuses 
protect the motor projicrly. This varies from 200 per cent inrush 
with motors of fractional horsepower down to 150 per cent with motors 
of 5 horsepower and larger. The number of steps can be determined 
from the inrush value selected. However, more steps are required 
for a manually oi)erated controller to keep down arcing on the contacts 
and also as a safeguard against too rapid operation of the lever. The 
operator is sometimes provided with an ammeter which he can use 
as a guide in startiim, but generally lie must simply depend on his 
judgment. The capacity of the resistor depends on the serv'ice require¬ 
ment. For plain starting, NEMA class 115 is used, and for heavy¬ 
starting duty class 135. For speed regulation the resistance must have 
cajiacity for full-loatl current continuously 

Overload [irotection is built into some types of face-plate starters. 
Tlie overload relay has a series coil connected in the line circuit, and 
so carrying motor current. If the current becomes excessive, a plunger 
is jiulled up to open an ilectric contact. This contact opens the circuit 
to the release magnet and allows the lever to return to the starling 
position. The.’^e startei*s are also built with a self-contained knife 
switch and fuses, the knife switch being operable from the outside of 
the enclosure. They are also built with the addition of a circuit 
breaker. Some types may be obtained with a magnetic main line 
contactor for remote control. Direct-current face-plate controllers are 
built in four types: 
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1. Plain starting by amiatiire resistor. 

2. Starting by amiature resistor, regulating by field resistor. 

3. Plain regulating by armature resistor. 

4. Regulating by armature and field resistor. 

The starter of Fig. 70, which has been described, is tyjiical of the 
first class. It is built uji to 30 hor^epower for 115 volts, and 50 horse¬ 
power for 230 and 550 volt^. Seven steps of resistance are used 
through 1 horsepower, S steps through 5 horsei^ower, 10 steps througli 
20 horsejiower. and 13 steps above 20 horsepower. 

Starters of the second type combine the functions of starting by 
armature resistor and speed regulating by resi^tance in the field circuit. 
A compound lever is used. The mechanism consists of two contact- 
carrying anns mounted on the same hub ]K>st. The shorter lever 
carries a brush, which makes contact on the Imttons to which the 
armature resistor is connected. The longer lever maiw - contact on a 
row of buttons mounted outside of the first row and connected to 
a resistor in the field. The operating handle is attached to the field 
control lever, and movement of this lever in a clockwise direction 
carries the starting lever up to the normal .'^peed position, where it 
engages the low-voltage i)rotective magnet. At this i)oint all armature 
resistor is cut out and the shunt field is at full strength. To incn‘ase 
the speed, the operating lever is moved back, in a counterclockwise 
direction. The armature lever remains in the full on position, h(‘l<l by 
the magnet, and the field lever moves back to insert the field re^i^tor. 

Figure 72 is a diagram of the starter. Full voltage on the shunt 
field during the starting period is provided by iiu ans of a small 
auxiliar\" switch, adjacent to the hub i)Ost, wliich serves to ^hort-circuit 
the field-regulating resistance until th^ levels reach the normal speed 
position. At this jioint the sw’itch o])ens, but full field is still provided 
by a circuit through the field lever. As the lev(‘r is moved back, the 
switch remains open, and the resistance is gradually cut into the field 
circuit. 

The low’-voltage magnet coil is conn(‘Cted across the line, as the 
variation in field current betw’een normal si)(‘ed and maximum sliced 
is generally too great to permit connecting the coil in the field circuit. 

The starting resistor is designed on the same basis as that for a 
plain starting controller. 

The starter is built in ratings up to 20 horsepower for 115 volts, and 
35 horsepow^er for 230 volts, and for a speed range up to 4 to 1 by field 
control. 

The third class of direct-current face-plate starters is that us(‘d for 
speed regulation below' normal speed, by the insertion of resistance in 
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the armature circuit. The controllers for this purpose are very similar 
to those for ])lain stai'ting, except that all the buttons or segments must 
be largo enough to carry the full-load current continuously. Another 
difference is in the arrangement of the low-voltage magnet, which 
must hold the lever on any point. To accomplish this, the lever is 
provided with a pawl, or star wheel, and the magnet armature operates 
to latch the lever wherever it may be placed. The coil is generally 
in series with the motor field but may be connected across the line. 



The speed of the motor is, within commercial accuracy, proportional 
to the voltage impressed on the armature. This voltage is the dif¬ 
ference between line voltage and the voltage drop in the controller 
resistance. The dro|) in the resistance depends upon the value of the 
motor curiH'nt. Speed regulation by anuature resistor is, therefore, 
not satisfactory where the load is variable. Where the load is constant, 
the value of the load should be known and the regulator selected to 
suit it, as otherwise the desired speed reduction will not be obtained. 

The characteristic of the load is usually expressed as ‘'machine” duty 
or "fan” duty. Machine duty is that in which the torque is practically 
constant throughout the speed range, and the armature current is also 
practically constant. There is some reduction in torque at the lower 
speeds, owing to lower friction losses in the machine, and the current 
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is usually considered to be SO per cent at 50 per cent speed. Fan duty 
is that in which the torque varies with the square of the speed, as it 
does in fans and centrifugal pumps. Theoretically the torque varies 
with the cube of the speed, but, when the friction losses are taken 
into account, the armature current will be found to vary approximately 
as the square of the speed. With this type of load the current at 50 
per cent speed is approximately 40 per cent of normal current. 

The regulating resistance is taj^ered to give an equal change in speed 
on each step, although it is sometimes necessary to modify tlie ta])er 
to avoid detrimental arcing at the contacts when a step of resistance 
is inserted into the circuit. The practical limit of ^peed reduction by 
armature resl^tor is 50 i)er cent of normal speed, although a greater 
reduction is sometimes used. Ratings are 10 horsei)ower, 115 volts, 
and 20 horsepower, 230 volts. 

The fourth type of direct-current face-plate controlled is that com¬ 
bining spe^'l regulation below normal s])eed by mean.s of resistance 
in the armature, and regulation above normal sj>eed by means of 
resistance in the field circuit. These controllers are made in two styles, 
one having a relatively small number of field-regulating steps and the 
other a large number. The first style is used with standard constant- 
speed motors of liberal design, which will generally stand an increase 
in si)eed of 25 per cent by field weakening. About five st(‘ps are 
provided up to 15 hor.sepower, and eight stej)s for larger motors. The 
majority of compound regulators are made this way. Whiae a wide 
range of speed by field is required, the number of stei)s must t)e larger, 
and a regulator built for such service would liave as many field steps 
as a controller of the second class described. 

Multiple-switch Starter. The im Uinle-^witch controlh*!* is u-(‘d 
where the current to be comniutati'd is beyond the cai)acity of the 
face-plate type of controller. This mechani.sni consists of a numiK'r 
of individual toggle-operated levers. Each lever carries a laminated 
brush convict which bridges across two copper contact blocks niount(*d 
on the slate. A resistance step connected across these contact blocks 
is short-circuited when the lever closes. The lever also carries an 
auxiliary tip which closes before the main brush closes and opens afttu* 
the brush opens. The auxiliary tip makes contact witli a carbon block 
contact and serves to prevent arcing on the laminated brush. Tlu* 
levers are mechanically interlocked so that lh(‘y can be closed only 
in the proper order, and, since each lever must be held in until the 
succeeding le\er is closed, it is necessary tou.'-e two hands in op(‘rating 
the controller. The necessity of closing the levers hand ov(*r hand is 
desirable, as it introduces a time element which prevents the operator 
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from closing the levers too rapidly. When the last lever has been 
closed, it is held in place by a magnetic latch, or low-voltage release 
magnet, and, because of the mechanical interlocking, all the other 
levers remain closed. Figure 73 shows the general construction of the 
controller. 

For si)ee(l regulating, the switch mechanism is essentially the same, 
but the mechanical interlocking is modified to permit any desired 



niimluM' of levers to be closed. To accomi)lish this, each lever is 
provided with a latch which engages a rod running across the width 
of the slate. The rod ha^' a flat side winch is normally held parallel to 
the slate by the release magnet. The le\ers must be operated in order, 
but any desired number may be left open. Failure of voltage releases 
the holding magnet and permits the rod to rotate. This releases all the 
individual latches, and all the levers are opened. 

The release coil may be connected across the line, or, for a shunt 
motor, it may be connected in series with the motor field. 

Controllers of this type may be either oi)en or enclosed, the enclosure 
usually consisting of a sheet-metal cover over the greater part of the 
mechanism but not over the operating handles of the levers. 

The multiple-switch controller has much better arc-breaking facili¬ 
ties than the face-i)late type, because of the wide arc gap and the 
auxiliary arcing tij). For this reason, and because of the time element 
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introduced by hand-over-hand operation, it is possible to have a 
smaller number of resistance steps. Table 11 gives the approximate 
number of levers (resistance steps), the inrush currents obtained, and 
the resistor class used for various sizes of motors. 


TABLE 11 

Multiple-switch Controllers 




Inrush Current 

NEMA 

Horse¬ 

X umber 

in per cent 

Resistor 

power 

of Steps 

of Full Load 

Class 

75 

4 

165 

135 

115 

5 

165 

135 

150 

6 

150 

134 

200 

7 

125 

133 


For regulating service the resistor is designed for continuous duty. 
Cast-iron grids ai'. used for almost all sizes. In the lower hor.'^epower 
ratings the grids are mounted in a frame at the rear of tlie panel; in 
the higher ratings they are separately mounted in mill-type boxes. 

Drum-type Controllers. The drum type of manually ojierated con¬ 
troller has a number of advantages over both the face-plate and the 
multiple-switch types. These advantages are principally due to the 
method of construction, which is radically different from that of either 
of the other types of controller. 

The essential parts of a drum controller are: 

(a) The case. 

(b) The contact fingers. 

(c) The cylinder. 

(d) The blowout magnets. 

(e) The driving mechanism. 

The case may be of iron, east in one piece—a common construction 
for small drums; or it may consist of cast-iron end pieces joined l)y 
a back piece of boiler plate. In the second tyi)e, the back piece is 
wielded to the end pieces. This is a flexible arrangement, as one design 
of end piece will do for drums of different lengths. A cover of sheet 
metal fits over the end pieces, to protect the sides and front of the 
drum. The cover may be provided with rubber gaskets to make it 
dust-tight. The wiring is brought into the drum through bushed holes, 
or conduit fittings in the back plate or in the end casting. 

The fingers are the stationary contacts to which the su])i)ly lines, 
the motor, and the resistor are connected. Each finger consists of a 
copper tip riveted to a supporting channel of steel or brass. The finger 
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is mounted so that it is pivoted at the back end and held in contact 
under the pressure of a spring. An adjustment is provided to permit 
changing the arc gap to compensate for wear. There are a number 
of methods of mounting the fingers. A common construction is shown 



Fig. 74. Conc.tiii(*tion of a Drum Controller. 


in Fig. 74, where the fingers are mounted on a square steel shaft which 
extends the length of the drum. The shaft is insulated by being 
wrapped with an insulating material or covered with a tube of insu¬ 
lation. Over this insulation steel brackets are mounted, and on them 
the finger is supported. The brackets also serve to mount a small 
insulating board which prevents copper dust from falling on the shaft 
and eventually causing a short circuit. 
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The cylinder provides the moving contacts that make connections 
between various fingers. No wiring is brought to the cylinder. An 
insulated square shaft is generally used, on which cast-iron or brass 
sections are mounted. Rolled copper contact segments are screwed to 
the cylinder castings. These segments may be of any desired length 
and may be arranged to make contact with a finger at any desired 
position as the cylinder is rotated. The segments may be easily 
renewed when worn out. 

One of the principal differences between the drum-type controller 
and the face-plate type is that a magnetic blowout can readily be 
incorporated in the drum structure but cannot be easily built into a 
face-plate controller. This is a decided advantage, as much heavier 
currents can be commutated with the aid of the blowout magnet. The 
blowout coil is made of coppei wire or bar, the size and number of 
turns being determined by the motor current. The coil is \vound on 
a steel core fastened to the drum case. The circuit for the magnet flux 
is through the core, through the dmm case, then to the cylinder. From 
the cylinder the flux cro^ses the air gap in the path of the contact 
finger and completes its circuit through the core support to the core. 
Assuming that the drum cylinder has just been moved to the off 
position, and that there is an arc hanging between the end of the 
segment and the tip of the finger, the reaction between the magnetic 
field due to the arc and the magnetic field of the blowout coil will 
cause the arc to be deflected either up or down, depending on the 
direction of current in the arc. The arc, in deflecting, will strike 
the barrier either above or below the finger, and will be cooled and 
dissipated. 

The simplest type of drive for a drum is the radial handle, which 
is similar to the handle of a coffee mill. It is broached to fit on the 
end of the shaft, or it may be keyed to the shaft. Straight-line motion 
of the operating lever is secured by gearing the lever to the shaft 
through a bevel gear. Rope drive is obtained by mounting a sheave 
wheel on the drum shaft. Any of these drives may be arranged to 
return to the off position when released or to remain in any selected 
position. 

The self-returning action is accomplished by means of a coiled 
spring that is wound up as the drum lever is moved to a running 
position and unwinds when the lever is released. If spring return is 
not used, the lever is held in any desired position by a star wheel and 
pawl. The star wheel is a toothed cam keyed to the drum shaft. The 
pawl, or roller, is arranged to roll over the surface of the star wheel 
as the cylinder is moved, and it is held in contact with the surface 
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by a tension spring. The spring is strong enough to move the cylinder, 
so that the cylinder always stops in a position where the roller is in 
one of the star wheel notches. This is an important feature of the 
drum controller as it insures stopping the cylinder at definite positions 
which can be selected so that the fingers are squarely on the segments 
and making good contact. If it were not for the star wheel, the oper¬ 
ator would be unable to feci the speed points and might pause during 
the operation in such a position that a finger would be making poor 
contact with a segment. Thi'? wouM produce heating or arcing between 
the finger and the segment, which would shorten the life of the 
contacts. The relation of the star wheel and the contacts can also be 
arranged so that the finger tips do not rest directly on top of one of 
the screws which hohl the segment to the cylinder casting. 

These advantages of the star wheel also apply to spring-return 
drums, and star wheels are sometimes used with that type of drive, 
but it is rather difficult to obtain a positive spring return and at the 
same time a star-wheel action that is strong enough to indicate definite 
l)ositions. For this reason the star wheel is generally omitted with 
sl)ring return. 

Advantages of Drum Controllers. The drum controller has a num¬ 
ber of advantages over the face-plate controller and the multiple- 
switch controller. In tlie first i)lace, the dnim has a better mechanical 
construction. It is stronger and able to stand more abuse than either 
of the other controllers. The construction of the drum also is favorable 
to good insulation, which is an important point. 

Another advantaue of the drum controller is that, owing to its con¬ 
struction and method of operation, heavy pressures can be maintained 
between contact surfaces without causing undue strains or making the 
operation difficult. If the contact pressure of a face-plate controller 
is incr(*ased very much, there will be a severe bending strain on the 
bearing shaft and a tendency to crack the slate at that point. Heavy 
pressure between the contacts will also increase the friction and make 
the oi)eration of the starter difficult. These limitations do not apply 
to the drum construction. 

Blowout magnets and arc barriers can readily be applied to the 
drum, as has been mentioned. 

The drum structure lends itself more readily to complete enclosure 
than either of the other types. This is an important advantage as it 
affords safety to the operator and protection to the drum itself. 

Complicated circuits, like those for reversing a motor or for handling 
both the primary and secondary windings of a slip-ring motor, are 
more easily handled in a drum controller than in any other manually 
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operated controller. It is a simple matter to have the segments of 
the proper length so that contacts are made in any desired position. 
Sections of the cylinder may be insulated from each other, if necessary, 
by having separate eastings for the two sections and mounting them 
on the insulated shaft separately. 

The space required by a drum controller is usually less than that 
required by a face-plate or multiple-switch controller of the same 
rating and providing the same functions. 

A drum controller is easier to operate than the other types of manual 
controllers, and the wide variety of drives for a drum is an advantage 
in adapting it to a particular service condition. 

Auxiliary Functions. Contactors and relays are used in connection 
with drum controllers to obtain i)rotective functions. 



Fig. 75. Connection^ for a Diiini Controller with Low-voltage Protection. 

Low-voltage protection (Fig. 75), which is inherent in the face-iilate 
controller, necessitates a contactor with the drum. The coil of the 
contactor is energized through a pair of auxiliary fingers in the drum, 
arranged to close the circuit in the off jxisition of the drum only. Wh(*n 
the contactor has closed, the pick-up circuit in the drum is paralleled 
by interlocks on the contactor, so that the contactor will remain closed 
when the drum is moved to a running position. The main circuit to 
the motor is fed through both the contactor and the drum. If the 
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voltage fails during running, the contactor will open, and it will be 
necessary to return the drum to the off position in order to energize 
the contactor coil again. It will be noted that with this arrangement 
the contactor, once closed, will remain closed unless the power supply 
is interrupted. All making and breaking of the current is done in 
the drum. 

Since a contactor is specially adapted to the opening and closing of 
heavy currents, it is often desirable to use one for that purpose in 
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connection with u druiu, energizing the contactor coil on the first point 
of the (Iruin instead of in the off position (Fig. 76). This does not 
give true low-voltage protection, as it only requires that the drum bo 
brought to the fii>t ])osition after a voltage failure. If the drum is in 
that po^ition when i)ower fails, the motor will be restarted upon return 
of i)ower. However, the arrangement has the advantage of u&ing the 
contactor to open tlie circuit and the further advantage that the con¬ 
tactor coil is energized only when the motor is running. Both the 
low-voltage protective arrangement and the low-voltage release ar¬ 
rangement are common. The advantages of both may be obtained 
by the use of a relay in connection with the contactor, the relay being 
energized in the off po^ition and the contactor in the first position of 
the drum. 
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Limit switch protection in two directions of travel may be secured 
by a single contactor in connection with a reversing drum controller. 
In the forward direction of travel the coil of the contactor is energized 
through tlie fon^’ard limit switch. When the switch trips, the circuit 
to the coil is broken and the contactor opens, stopping the motor. 
The drum may then be moved to the reverse position, when the 
contactor coil is energized again, this time through the reverse limit 
switch, and the motor will run in the reverse direction until that 
limit switch trips. 

Drums for shunt motors are built in sev’eral forms, as follows: 

1. Across-the-line, rated to 3 horsepower, 115 volts, and 5 horse¬ 
power, 230 volts. 

2. Starting only, by armature circuit resistor. 

3. Speed regulating, by armature resistor, to 50 per cent speed 
reduction. 

4. Starting only, by armature resistor, and speed regulating by field 
resistor. 

5. Speed regulating, below normal by armature resistor, and above 
normal by field resi^tor. 

All types are built either reversing or ncn-reversing. They can also 
be built with armature shunt for 90 per cent speed reduction, and 
with dynamic braking circuits. All except type 1 are rated as shown 
in Table 12. 

TABLE 12 

NEMA Drums for Shunt Motors 


8-hour 

8-hour Ratings^ 

Intermittent Duty, 

Ampere 

Horsepower at 

Horsepower at 

Rating 

115 Volts 

^230 Volts 

115 Volts 230 Volts 

50 

5 

10 

7H 

15 

100 

10 

25 

15 

30 

150 

20 

40 

25 

50 

300 

40 

75 

50 

100 


Continuous ratings ai)ply wherever any point on the drum switch 
will be used for any j)eriod exceeding 5 minutes. Intermittent ratings 
should be used for crane, hoist, or other duty where the running time 
is not over 50 per cent of the total time, and the maximum running 
time is not more than 5 minutes. 

The resistance material used with drum controllers for armature 
starting or speed regulation is made up of cast-iron grids or units 
mounted separately from the drum. Resistors for connection in the 
shunt field circuit are sometimes mounted in the drum case, as they 
occupy a relatively small space. 
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Magnetic Controllers. Some small shunt motors, up to V /2 horse¬ 
power, 115 volts, and 2 horsepower, 230 volts, are designed so that 
they can safely be started by direct connection to the power supidy. 
Magnetic controllers are made for that purpose, both in reversing and 
non-reversing fonns. These controllers are very simple, being just a 
magnetic line contactor, or pair of reversing contactors, and an over¬ 
load relay. 

Controllers for larger motors are made in a number of forms to suit 
the requirements of die machines which they control. They may be: 

1. Non-reversing, starting service. 

2. Non-reversing, starting service, plus dynamic braking. 

3. Non-reversing, starting service, with speed regulation by field 
control. 

4. Non-reversing, starting and dynamic braking, with speed regula¬ 
tion by field control. 

5. Reversing, with dynamic braking. 

6. Reversing, with dynamic braking, with speed regulation by field 
control. 

The control devices used for these controllers are: 

A line contactor or a set of reversing contactors. 

A set of one to four accelerating contactors. 

An accelerating means, usually of the time-limit type. 

An overload relay. 

A dynamic braking contactor. 

A field accelerating relay for speed-regulating controllers. 

A field discharge resistor. 

In addition, the controllers may include a field failure relay, field 
decelerating relay, and control-circuit fuses. The armature resistor, 
NEMA class 135 or 136, is made up of wire-wound units, or cast-iron 
grids, and is contained in the case which mounts the control panel. 
Operating pushbuttons, or master controllers, are separately mounted. 
Standard ratings for these controllers are shown in Table 7, (Chapter 5. 

Figure 78 shows a typical controller of the reversing type, with 
speed regulation by field control. The cover of the enclosing case has 
been removed. The four reversing contactors are shown at the top 
of the panel. They are mechanically tied together in pairs, and the 
pairs are mechanically interlocked against each other. The two outer 
contactors have normally closed contacts, which provide a dynamic 
braking circuit when both contactors are open. Directly below the 
reversing contactors are three capacitors used with the relay in the 
lower right comer to time the acceleration. Two accelerating con- 
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tactors are located below the capacitors, and the overload relay is 
below them. The re^ay in the lower left comer is a field accelerating 
relay, and the small relay to the right of the accelerators is used to 
prevent plugging and to strengthen the field during dynamic braking. 
This controller is master-operated, and the resistor for the field circuit 



Fig 78 Dcfiiiito-liino-hinit Automutu* Roxei^mg Startei with Dynamic Braking. 

is mounted in the master and commutated by contacts in the master. 
The armature-circuit resistor is mounted on straps at the top of the 
panel, and the panel may be tilted fons’ard in the case, so that the 
resistor is accessible for maintenance. 

Shunt motors are built in sizes much larger than those listed above 
for controllers, and, of course, it is possible to build magnetic con¬ 
trollers for them in any required size. For very large motors, whose 
current is above the rating of available contactors, magnetically op¬ 
erated circuit breakers are used as line-closing devices. The starting 
resistor for such motors is connected in parallel instead of series steps, 
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SO that the accelerating contactors each carrj’^ only a portion of the 
total current. 

Application of Shunt Motors. Direct-current shunt motors are par¬ 
ticularly applicable to those machines requiring a wide range of speeds, 
or a large number of operating speeds. The ability to obtain a quick 
stop by dynamic braking is also an advantage. Pumps, fans, some 
machine tools, printing presses, paper mills, elevators, and electric 
power shovels all use shunt motors. If a machine requires a constant 
speed at varying loads, a shunt motor will be selected. If rapid 
acceleration is desired, and relatively constant running speed, a com¬ 
pound motor should be used, and the series field might be cut out of 
circuit after the motor has accelerated. This is the usual practice 
for elevator installations. 

Motors having speed adjustment by field control are larger and 
more costly than const ant-speed motors, and these factors in'^rease as 
the range of speed control is increased. Motors with high base speeds 
are smaller and less costly than slow-speed motors. For examine, a 
40-horsepower llSO-rjmi motor weighs about 1360 pounds, whereas 
a 40-horsepower 575-rpm motor weighs about 2450 pounds. A 7^4“ 
horsepower 500- to 1500-rpm motor weighs about 79 per cent as much 
as a 7^' 2 "horsepower 400- to 1600-rpm motor. Totally enclosed motors 
are much heavier than partially enclosed motors, and they, in turn, 
are heavier than open motors. 
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Problems 

1 . Write an equation for the torque of a .4iunt motor. 

2. Write an equation for the speed of a shunt motor. 

3. A 25-horsepower 230-volt direct-current .^hunt motor has a full-load current 
of 100 amperes. Neglecting armature resistance, how’ many ohms will be required 
in the starting resistance to limit the starting torque to 200 per cent of normal 
torque? 

4 . Again neglecting armature resistance, what would be the running speed 
of this motor when operating without resistance in its circuit and at half load? 

6. Suppose that this motor were running with resistance in series with its 
armature limiting the voltage across the armature to 70 per cent of line voltage, 
and suppose the motor is drawing 50 amperes from the line, what will the torque 
be in per cent of normal? 



PROBLEMS 161 

6 . Under the conditions of problem 5, what w’ill the speed be in per cent of 
normal? 

7 . A 50-horsepower 230-volt motor has a full-load current rating of 180 am¬ 
peres, and its armature resistance is 5 per cent of E/I. What is the armature 
resistance in ohms? 

8 . A 75-horsepower 230-volt 268-ampere motor is driving a centrifugal pump. 
The controller is designed for starting characteristics like those of Fig. 65. What 
is the ohmic value of the controller resistor? 

9. If it is desired that the pump run at 45 per cent speed with all resistance 
in circuit, what will be the controller resistance required? 

10 . A 35-horsepower 230-volt 128-ani lere motor is equipped with a 3-step con- 
troika and a resistor w^hich gives starting characteristics like Fig. 64. What is the 
ohmic value of the starting resi'^tor? 

11 . If this motor is plugged, what current inrush will be obtained at the instant 
of plugging? 

12 . What is the ohmic value of the additional resistor step w’hich must be 
added to hold the plugging inrush current to the same value as that obtained 
when starting from rest? 

13 . If the speed of this motor was increased 50 per cent bj’ field w’eakening, 
and the field rheostat was short-circuited during starting, what would be the 
ohmic value of tlit' plugging resistor step‘s 

14 . A 10-hors(‘power 230-^olt 38-ampere motor has an armature resistance of 
10 per cent of E/I. What i^ it" countcrvoltage at full load, in per cent of the 
applied line voltage? 

15 . Calculate the ohms in a dynamic braking resistor which will limit the 
braking ciirrcmt to a maximum of 300 i)er cent of the mo+or rating. 

16 . If th(' braking i" to be done in two steps, each limited to 300 per cent of 
motor rating, and the fiivt st(‘p cut out when the braking current has dropped 
to 100 p('r <*ent. how many ohms will be in each stei»? 

17 . What wdll be the ai>proximate speed of the motor w’hen the first step is 
cut out? 

18 . A 50-horsepower 550-volt 75-ami>ere motor has an armature resistance of 
5 i>er cent of E/I. How many ohm^ will be required in a series resistor to obtain 
20 i)er c(‘nt spe(*d reduction below’ full-load speed, w’hen the motor is operating 
at 70 per cent load? 

19 . How many ampere." mu."t the re>i."for of problem 18 carr>’ continuously? 

20 . Referring to Figs. 67 anti 68, if a re.'^istor is designed to produce 50 per cent 
sp(‘(*tl with a machine-type load, w’hat siieed w’ill the same resistor produce w’ith 
a fau-tyi)e load? 

21 . If the motor of i>roblem IS is used with a resistor designed to give 50 per 
cent speed reduction with a machine-type load, how’ many additional ohms w’lll 
be required to give the same speed reduction w’ith a fan-type load? 

22 . Referring to Fig. 64, what per cent of no-load speed will be obtained on 
('ach of the four controller points if the motor is loaded to 140 per cent of rated 
load? 

23 . If this motor is running w’ith all resistance in circuit, how much will the 
speed change if the load changes from 140 per cent to 90 per cent? 

24 . If the motor is running with only the last step of resistance in circuit, how 
much will the speed change if the load changes from 140 per cent to 90 per cent? 
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25 . A 40-horsepower 230-volt 146-ampere motor has a series resistor designed 
to give 50 per cent speed reduction below normal full-load speed, when the motor 
is operating at full load. How many ohms are required in an armature shunt 
resistor which will give 80 per cent speed reduction at full load? 

26 . With the series resistor and the armature shunt resistor in circuit, what 
\rill the motor speed be at zero load? 

27 . Under the conditions of jiroblem 25. how many horsepower will the motor 
be delivering, and how many horsepower will be lost in the resistor? 

28 . What are the delivered horsej^ower and the lost horse])Ower under the 
conditions of problem 26? 

29 . A 25-horsepower 230-volt 92-ampere motor is nmning with a series resistor 
of 1.6 ohms and an armature shunt resistance of 6.8 ohms. The motor armature 
current is 20 amperes. What is it*5 speed? 

30 . What would be the speed of the motor if the load droj^iied to 10 am]>eres? 

31 . What would be the ohmic value of an armature shunt re>istor which would 
produce the speed of problem 29, with a load of 10 ampere^'? 

32 . How many watts are lost in the re^^istor under the conditions of problem 29? 

33 . If the series resistance is reduced to 0.8 ohm. calculate the ohms in the 
armature shunt to p-odiue the s]>eed required by problem 29. 

34 . What is tlie wattage loss with the combination of series and shunt resi>lors 
of problem 33? 
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SHUNT FIELD RELAYS AND RHEOSTATS 

When a shunt motor or compound motor is used to drive a machine, 
the handling of the shunt field introduces a number of factors into 
the control problem. Some of these will be present whenever a shunt 
field is involved; others may or may not need to be considered. 

Discharge Path, When the shunt field circuit is opened, the high 
inductance of the field windings tends to oppose the opening of the 
circuit and to keep the current flowing. Opening the circuit abruptly 
may damage the insulation of the field windings. It is advisable, 
therefore, to supply a discharge path, so that the generated voltage 
may be limited to a safe value. AVith non-reverse controllers, it is 
customary to connect the shunt field behind the line contactor, so 
that when the circuit is opened a discharge path is provided through 
the armature of the motor and the starting resistance. With revers¬ 
ing controllers, the field cannot be connected in this manner, and a 
separate discharge path mu^t be provided. The same is true of con¬ 
trollers having dynamic braking, for then the shunt field must be, kept 
energized after the armature circuit has been opened. 

In general, a discharge resistance is not essential on 115-volt equip¬ 
ment but should be provided for 230-volt motors rated at 7^ horse- 
l>ower oi^iighcr, and for 550-volt motors rated 5 horsepower or higher. 

The recommended ohmic value for a discharge resistor is betw^een 
one and three times the ohmic value of the shunt field. The discharge 
voltage will depend upon the resistance of the discharge path, so that, 
if a resistance of three times the field ohms is used for the dischargf' 
path, the generated voltage will be four times normal line voltage. 

Where the wattage consumed by the discharge resistor is rela¬ 
tively low, it is good practice to connect the resistor directly across 
the line, behind the service knife switch. The resistor must then 
have continuous capacity for the current flowing in it. For larger 
equipments, a discharge resistor is connected into circuit by a dis¬ 
charge clip on the knife switch, so that it is not consuming energy 
when the field is connected to the line. The capacity may then be 
figured on the basis of handling the discharge current for approxi¬ 
mately 15 seconds. 

m 
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If the field circuit may be opened at different points, as, for in¬ 
stance, by a set of reversing contactors, and also by a field knife 
switch, it is necessary to provide a discharge path to take care of 
each condition, or else to connect the discharge resistance permanently 
across the field itself. 

Thyrite. Certain crystal materials have the characteristics of being 
good insulators at voltages below a critical value and good conduc¬ 
tors at voltages above that value. One such material, developed by 
the General Electric Company under the name of Thyrite, is being 
used by control manufacturers as a field discharge resistor. Thyrite 
is a dark gray, dense, non-porous, ceramic compound, having mechan¬ 
ical characteristics somewhat similar to those of dry-process porce¬ 
lain. It does not burn or disintegrate under red heat, and it is not 
affected by moisture, oil, or gases. It conducts current without arc¬ 
ing and is not dependent on ionization, de-ionization, or breakdown 
of gas. The resistance follows a definite law, and the critical voltage 
may be detennined from the equation 

E = 

where E = the applied* voltage. 

I = the current in amperes. 

R = the resistance in ohms when 1 ampere is flowing. 

a = a constant (approximately 0.76). 

A typmal block of this material for use as a 250-volt discharge resistor 
is cylindrical in shape, 1% inches in diameter and 1 inch long, with 
depressions in the ends to provide a conducting path of inch. The 
equation for such a block is * 

E = 1350 7® 

If the block is connected across a 250-volt line, in parallel with a 
1-ampere field, the continuous current taken by the Thyrite will be 
approximately 0.001 ampere. When the circuit is opened, and the 
field discharges through the Thyrite, the voltage will be limited to 
1350 volts, on the assumption that the circuit wdll be opened instan¬ 
taneously. Actually the arc on the interrupting device will not be 
extinguished instantaneously, and the peak voltage will be lower 
than the theoretical value. The losses in the resistor will be 0.24 
watt, as against approximately 60 w'atts for an ordinary resistance- 
type discharge unit. Another advantage of Thyrite is the fact that 
it may be connected across a field without affecting the characteristics 
of a rheostat connected in the field circuit. 
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Field-failure Protection. With shunt or compound motors it is 
good practice to provide for shutdown in the event of failure of the 
shunt field circuit, as such failure means a runaway condition. Pro¬ 
tection is obtained by means of a relay having its coil connected in 
series with the shunt field and its contacts in the stop circuit. Then, 
if the field fails at any time, the relay coil will be de-energized, and 
the relay in opening will shut down the motor. The coil of a field- 
failure relay must be able to carry the maximum field current con¬ 
tinuously and at the same time must be able to close the relay at 
approximately 65 per cent of the minimum field current. The 65 per 
cent factor serves to take care of low-voltage conditions and of heat¬ 
ing of the field and the relay coil. It is not difficult to design a relay 
to operate at these values, provided that field weakening is limited to 
a reasonable amount, but where the speed range by field is greater 
than 2 to 1 the current range may become so wide that it will be diffi¬ 
cult to design a suitable relay. Under such conditions, it is generally 
satisfactory to assume that the field rheostat will be turned back 
sufficiently to permit picking up the field-failure relay when the 
motor is started. It is also generally satisfactory to connect the con¬ 
tacts of the field-failure relay in the maintaining circuit instead of in 
the pick-up circuit. Since the field rheostat is short-circuited during 
the accelerating period, the relay will receive sufficient current to 
close as soon as the motor starts to accelerate. 

When field-failure relays are used with series shunt motors having 
a series field of more than 40 per cent, it is necessary to take special 
precaution to insure that the relay will remain closed during the 
acceleration period. During this period, the series field reacts upon 
the shunt field in such a manner as to greatly reduce, or even reverse, 
the current in the shunt field. If only a single-coil relay were used, 
the relay would drop out during the acceleration period and shut 
down the motor. One means of avoiding this is a double-coil relay, 
one coil being connected in series with the shunt field and the other 
in series with the armature accelerating resistance. The second coil 
then insures that the relay is held closed during the starting period. 
After acceleration, this coil is short-circuited. 

Another method of obtaining the same result is to short-circuit the 
contacts of the field-failure relay by an interlock on the final acceler¬ 
ating contactor. With this arrangement, the field-failure relay may 
open during the accelerating period, but it will not shut down the 
motor. 

After the acceleration is over, and the last accelerating contactor 
has closed, the relay is free to function as it normally should. 
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Economizer Relay. An economizer relay, or field-protective relay, 
is used to insert resistance in series with the shunt field whenever the 
motor is not running. It may be necessary to keep tlie shunt field 
energized when the motor is idle, for a number of reasons, and, since 
the ventilation of the field is greatly reduced when the motor is not 
running, it is necessary to insert a resistance to prevent the field from 
overheating. The relay is simply a single-ix)le shunt-type relay hav¬ 
ing its coil connected in parallel with the coil of the main line contac¬ 
tor. The resistance may be designed to reduce the voltage across the 
field to one-half of the normal value, which will reduce the wattage 
in the field to one-fourth of the normal value. 

Reversing. Wherever rapid reversing is required, it is necessary to 
reverse the armature circuit* but a number of drives require only 
emergency reversing, and for such drives it is often advantageous to 
reverse the shunt field instead of the armature. If the motors are 
large, the cost ^f the control may be reduced by omitting the large 
armature-reversing contactors and using the smaller reversing con¬ 
tactors required by the field. Where field reversal is emj^loyed, it is 
the usual practice to interlock the controller, so that it cannot be 
plugged and so that the field cannot be reversed until the motor has 
stopped. When reversing contactors are used, they are jirovided with 
a normally closed ctmtact, which serves to set up a discharge circuit 
when the field is opened. Where remote control is not particularly 
required, the field is often reversed by a knife switch provided with 
discharge clip. This knife switch is usually interlocked with the main 
control circuit, so that, if it is opened when the motor is running, the 
main contactors will immediately be de-energized and the motor dis¬ 
connected from the line. 

Plugging. When a shunt motor is plugged under full field condi¬ 
tions, the countervoltage of the armature is added to the voltage of 
the line, and additional resistance, nearly ecjual to the accelerating 
resistance in ohms, must be used to limit the inrush current. If the 
motor has some speed increase by field weakening, the field will be 
strengthened when the motor is plugged and the countervoltage of the 
armature will be increased in proportion to the strengthening of the 
field. For example, assume that a motor having a speed increase of 2 
to ] by field is running at maximum speed and is i)lugged. As soon 
as the circuit is closed in the reverse direction, the accelerating relay 
will close and short-circuit the field rheostat. The field strength 
is then doubled and the armature countervoltage correspondingly 
doubled. The total voltage is therefore three times the line voltage; 
and, if the inrush current is to be limited to that obtained when 
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starting from rest, resistance equal to three times the value of the 
starting resistance will have to be used. With motors of greater speed 
range by field, the resistance must be still higher in ohms. 

Frequently plugging is not essential to the proper operation of 
the drive, and the extra resistance is only a safeguard in case of acci¬ 
dental plugging. Then it is usually more economical to arrange the 
control so that the motor cannot be plugged, and so avoid the use of 
additional resistance. The method of doing this when dynamic brak¬ 
ing is employed has been explained. Where there is no dynamic brak¬ 
ing relay, a normally closed voltage relay, having the coil connected 
across the armature, will serve the same purpose. The contacts of 
the relaj" are connected in series with the direction contactor coils and 
are bypassed by normally open interlocks on the direction contactors. 
It is not necessary that the motor be entirely stopped before the 
voltage relay closes to permit plugging. The relay is usually set so 
that the speed is low enough to insure that the countervoltage of the 
motor will not be excessive. 

Speed Increase by Field Control. In order to increase the speed 
of a motor by weakening the field, resistance is inserted in series with 
the field, either by means of a rheostat or by means of a set of mag¬ 
netic contactors. Contactors are used in connection with the control 
of large motors, where the field currents are high, and also where 
rapid and frecpient commutation of the resistance is necessary. 

W'hen the field strengtli is reduced by the insertion of a step of 
resistance, the countervoltage generated by the motor is also reduced, 
and the difference between line voltage and the new countervoltage 
causes an inrush of current to the armature. If the field strength is 
reduced 10 per cent, and the countervoltage correspondingly 10 per 
cent, the inrush which occurs will be in the neighborhood of 100 per 
cent of normal full-load current. This is on the assumption that the 
inrush is limited only by the resistance of the armature and leads to 
it, and that this resistance is approximately 10 per cent of E/I. Ac¬ 
tually the inrush current will be less than this value, because of the 
inductance of the field windings which prevents the field current from 
changing instantly. 

The amount of resistance which may be inserted in the field at 
any one time is limited by the characteristics of the motor. A motor 
with a slow field will permit of a greater field weakening without ex¬ 
cessive inrushes. If the field characteristic is such that the field cur¬ 
rent changes rapidly, a greater number of steps will be necessary. 
The number of steps is influenced also by the amount of current in¬ 
rush wiiich may be permissible from the standpoint of line disturb- 
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ances and also from that of good motor commutation. Other factors 
to be considered are the effect of the inrush on the machine which is 
being driven and the extent to which smooth acceleration is neces¬ 
sary. Adjustable-voltage-control equipment for large motors having a 
speed increase by field of 2 to 1 generally requires about ten steps as 
minimum. Automatic self-starters for control of continuous-running 
mill rolls, or similar machinery, may be safely accelerated with ap¬ 
proximately four steps. Plate-type field rheostats have between thirty 
and sixty steps. The large number of steps is necessary because of 
the limited wattage which can be handled by any one step of a device 
of this kind, and it is an advantage because of the finely graduated 
control that is obtained. 

Accelerating Relay. In order to obtain full torque for acceleration 
up to full field speed, it is necessary to short-circuit the field rheostat 
during the armature acceleration period. This is generally accom¬ 
plished by means of a full field relay, the coil of which is energized 
during armature acceleration and the contacts of which short-circuit 
the field rheostat. If the field rheostat is left in a set position and 
the motor started from rest with some resistance in the field circuit, 
it is necessary to use a full field relay. 

If the speed increase is greater than 25 per cent, it is also advisable 
to use an accelerating relay of the vibrating ty])e as shown by Fig. 41. 
This relay acts to insert the resistance in the field circuit and ^h()rt- 
circuit it again when the inrush reaches a predetermined limit. The 
coil of the accelerating relay is in the armature circuit and energized 
by the armature current. The contacts of the relay short-circuit 
either all the field rheostat or a portion of it. After the motor has 
been accelerated to full field speed, the full field relay opens, insert¬ 
ing the field resistor, and an inrush immediately occurs in the arma¬ 
ture circuit. This inrush closes the accelerating relay, which short- 
circuits the field rheostat again. In the meantime, the motor has 
accelerated somewhat above full field speed. When the rheostat is 
short-circuited, the inrush current drops and the accelerating relay 
opens, again inserting the field resistor. A second inrush then occurs, 
and this action goes on until the motor has been accelerated up to 
full speed. The acceleration obtained is shown by the curve A of 
Fig. 79. 

It is possible to combine the functions of the full field relay and 
the accelerating relay by having a second coil on the accelerating 
relay. This coil is connected in series with the last step of armature- 
accelerating resistance, and it is of sufficient strength to close the 
accelerating relay during the time of acceleration to normal speed. 
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AVhen the armature resistor is short-circuited, the starting coil is also 
short-circuited, and the accelerating relay is then controlled by the 
running coil only and vibrates in the manner described. 

The currents at which the accelerating relay will open and close 
can be determined by adjustments on the relay. Since these values 
are fixed, once adjustment 
has been made, the relay will 
always open at the same 
current, and conseciuently it 
is necessary that this current 
be above the full-load run¬ 
ning current in order that 
the motor will accelerate. 

For this reason, the torciue 
which is obtained during the 
first i)eriod of field accelera¬ 
tion is higher than neces>ary. 

For the majority of drives 
thi.s does not do any i)articu- 
lar harm and is perfectly 
satisfactory. However, if 
the driven machine has a 
high inertia, and particularly 
if it is belt-driven, the excess 
toniiio will be objectionable. 

Curve B (Fig. 79) shows a 
method by which the accel¬ 
erating relay may be made 
to vibrate in such a manner 
tliat the tonpie obtained will 
follow the torque required 
by the load, ^^’ith this arrangement, one coil of the relay is connected 
in the usual manner in series with the armature, and the other coil is 
connected in series with the field. At the full field speed, the armature 
current is low and the field current is high; at the weak field speed, 
the armature current is high and the field current is low. Consequently, 
at full field speed the field coil is strong, and a relatively low arma¬ 
ture current will close the relay. As the field is weakened, the effect 
of the field coil constantly decreases, so that more and more armature 
current is required to cause the relay to close. By properly propor¬ 
tioning the coils, an acceleration curve as shown in Fig. 79 may be 
obtained. 


A. Relay Coil in Armature Only 




B. Relay Coil in Armature and Field 
Fu;. 79. Field Acceleration Curves. 
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Decelerating Relay. If the field is suddenly strengthened by remov¬ 
ing resistance, the countervoltage of the motor will be increased and 
the current flowing from the line will be decreased. If the deceleration 
IS too rapid, the armature current may even be reversed. It is possible 
to control the deceleration by means of a relay handling one coil in 
the armature circuit, and a second coil connected across the line. 
During normal o})eration these coils are arranged to oi)i)ose each other. 
The contacts of the relay are normally closed and are arranged so that 
in opening they will insert a step of resistance to weaken the field. 
As long as the deceleration is not too rapid, the decelerating relay 
remains closed. However, if the rheostat i^ moved too rai)iflly, so that 
the cunent in the armature reverses, then the two coils of the relay 
are accumulative in effect and cause the relay to oj)en. Resi^tan(*e i> 
then inserted in series with the field to weaken it again. The relay 
vibrates in the same manner as the relay u>ed for acceleraiing. 

Miscellaneous Relays. The diagram of Fig. SO .-‘how> all the dc'vice^ 
wdiich have I)een described, including the accelerating relay FA. decel¬ 
erating relay FD. field-failure relay FL. and field-protective relay FP. 
It also show's a method of obtaining a dc'-ired .'-])eed in one direction 
of travel and a different speed in the other direction, both beiim 
adjustable. This control feature is of value for such machines a*- 
planers, w'here it is desired to cut at slow' ‘-])eed and to return at hiah 
speed. Tw’o rheostats are used in series. The relay (\ wdiich ha^ one 
normally open and one normally closed contact, is airanged to -'hort- 
circuit one rheostat when energized and the otlur when de-eiUM’aized 
The relay is then energized in one direction ol tiavel and de-eiu^rgized 
in the other direction. 

The diagram also includes a relay Ff\ w'iiich is used to short-circuit 
the field rheostats and to provide full field for dynamic braking. It i^ 
generally desirable to .‘strengthen th(‘ field during the braking p(*riod 
in order to increa.se the braking tor(|ue and al.so to imjnove the 
commutation of the motor when handling heavy braking (‘urrents. 
When the master is moved to the off position, the line and direction 
contactors are open, and the dynamic braking contactor DP i*- cloj-t'd. 
Current then flow’s through the armature, the braking resistor, and 
the coil of the relay FF. The relay closes and short-circuits the field 
rheostat. The relay remaias clo.sed until the current in the dynamic 
circuit reaches a low' value, unle.ss the motor is restarted, in which 
case the dynamic loop w’ould be opened. The relay is usually inter¬ 
locked with the rest of the control so that the motor cannot be restarted 
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until the dynamic current has fallen to a value low enough to permit 
FF to open. In other words, the motor cannot be restarted, or plugged, 
until it has practically come to a stop. This feature is not shown in 
the diagram. It is secured by using a normally closed contact on 
relay hh, connected in series with the direction contactor coils, and 



bypassed by normally open interlock contacts on the forw^ard and 
reverse direction contactors. 

Estimating Field Rheostats. It has irreviously been stated that the 
number of stei)s reciuired for field regulation is determined by four 
factors: 

1. The range of speed control. 

2. Tlu‘ degree of fine regulation required. 

3. The inrush current drawn by the motor as the speed is changed. 

4. 1410 (miumiitation on the contacts of the starter. 
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Considering the first two requirements, which depend upon the na¬ 
ture of the driven machinery, it is evident that a large number of 
different rheostats would be necessary to meet each condition exactly. 
It is cheaper in the long run to design only a few types, using a suffi¬ 
ciently large number of steps to take care of the majority of applica¬ 
tions. Commercial manual starters are designed to cover any speed 
range up to 4 to 1, as standard. They have approximately 14 field 
steps up to 5 horsepower, and 20 steps above that size. This number 
is sufficient to keep the motor inrushes well within a safe value. Plate- 
type rheostats have from 30 to 60 steps. Rheostats for large motors 
may have 100 to 150 steps. 

The field current \aries widely with different sizes and different 
makes of motors. The field-regulating resistance is tapered to give 
approximately equal percentage increments of speed with an average 
motor, and this should result in a design which will cause no arcing 
of the contacts. However, with wide speed ranges, or with unu^ual 
field characteristics, it is necessary to check the commutation, using 
a curv’e like that of Fig. 81. This curve shows the maximum resistance 
which can be inserted on a single step when no star-wheel action is 
provided, and the lever may remain with a very small gap l)etween 
the contact brush and the button. 

TABLE 13 

Estimated Rheo.'.tat Resistance 


Per Cent 

Speed Increase 

Per Cent P'itdd 
Current De(T(‘jis(* 

Rheostat Resi.Ntanc(‘in Per 
Cent <j; Field Resist ance 

25 

40 

60% 

50 

66% 

200 

100 

75 

300 

200 

83% 

500 

300 

87% 

700 

400 

97% 

1500 


Field-regulating resistors should not be designed from estimated or 
calculated field data. It is practically impossible to predict the field 
characteristics, unless data are available upon other motors of iden¬ 
tical design. The designer is often forced to make an estimate of the 
field-regulating resistor which will be required, either to arrive at 
an approximate cost for sales purposes or to enable him to det(‘rmine 
the space which will be required by the resistor. Tables 13 and 



ESTIMATING FIELD RHEOSTATS 173 

14 may be utilized for that purpose, but the final design should be 
based on actual test data obtained from the motor manufacturer. The 
figure given for summation watts is an approximation of the watts 



Dotted 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

Amperes before step is inserted 

Ficj. 81. Arcing Limits for Sliding Contacts. 


dissipated in the rheostat; it is the product of the maximum field cur¬ 
rent, the minimum fiekl current, and the rheostat resistance. 

As an illustration of how this information can be used, let us sup- 
pt)se that we have under consideration a 4-horsepower controller call¬ 
ing for 25 per cent increase by field control. This would mean that 




174 


SHUNT FIELD RELAYS AND RHEOSTATS 


TABLE 14 

Estimated Rheostat Summation AYatts 


Hp 

25 Per Cent Increase 

50 Per Cent Increase 

100 Per Cent Increase 

Maximum 
Pidd Current 

%I 

Summation 

Watts 

Maximum | 
Field Current i 

%I 1 

Summation 

Watts 

1 

Maximum 
Field Current 

%I 

Summation 

Watts 

1 

8.8 

38 

9.5 

60 

10.5 

75 

2 

7.7 

49 

8.0 

80 

9.2 

130 

3 

5.5 

61 

6.0 

100 

7.2 

150 

4 

4.4 

67 

5.0 

110 

6 ' 

160 

5 

3.3 

73 

4.0 

120 

5 

170 

7Vs5 

2.8 

80 

3.5 

130 

4.5 

230 

10 

2.2 

85 

3.0 

140 

4 

260 

15 

2.1 

110 

2.5 

180 

3 2 

310 

20 

1.9 

150 

2.2 

240 

2 7 

350 

25 

1.8 

170 

2.0 

280 

2 6 

420 

30 

1.7 

184 

1.8 

300 

2 5 

480 

40 

1.7 

250 

1.8 

400 

2.3 

560 

50 

1.7 

310 

1.8 

500 

2 2 

6.')0 

60 

1.7 

370 

1 8 

600 

2!i 

750 

75 

1.7 

430 

1.8 

700 

2.0 

920 

100 

1.7 

610 

1.8 

950 

2.0 

1220 

125 

1.7 

730 

1.8 

12tK) 

2 0 

1.540 

150 

1.7 

860 

1.8 

1400 

2.0 

1800 

175 

1.7 

980 

1.8 

1600 

2 0 

2100 

200 

1.7 

1200 

1 

1 8 

1940 

2.0 

( 

2400 


200 Per Cent Increase I 300 Per Cent Increase ' 400 Per Cent Increitse 

_'_I_ 


Hp 

Maximum 
Field Current 
7cl 

Summation 

Watts 

' Maximum 
Field Current ' 

1 %I 

1 Summation 
Watts 

1 Maximum 

1 Field Current 1 

1 

Summation 

Watte 

1 

12 

90 

13 

100 

14.5 

120 

2 

10.5 

140 

11.4 

180 

13 

210 

3 

9 

180 

10.5 

200 

12 

240 

4 

s 

210 

9.5 

300 

11 

350 

5 

6.5 

220 

8.8 

345 

10 

380 


5.2 

250 

7.0 

400 

8.5 

500 

10 

4.6 

280 

5.9 

440 

7 

525 

15 

3.9 

350 

4.7 

520 


660 

20 

3.4 

410 

4.1 

600 

5 

750 

25 

3.1 

480 

3.8 

700 

4.5 

840 

30 

3.0 

550 

3.6 

780 

4 

880 

40 

2.9 

690 

3.5 

960 

4 

1000 

50 

2.8 

870 

3.4 

1200 

3.8 

1300 

60 

2.7 

940 

3.3 

1400 

3.7 

1550 

75 

2.6 

1120 

3.2 

1660 

3.6 

1880 

100 

2.5 

1450 

3.1 

2170 

3.5 

2450 

125 

2.5 

1800 

3 

2650 

3.5 

3100 

150 

2.5 

2050 

3 

3150 

3.5 

3650 

175 

2.5 

2600 

1 3 

3690 

3.5 

4300 

200 

2.5 

2900 

3 

4200 

3.5 

4900 


I — normal full-load current. 
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the motor fields would take approximately 4.4 per cent of the full¬ 
load current of the motor, and that approximately 67 watts would 
be dissipated in the resistance in series with the shunt field. Know¬ 
ing this, and knowing the type of unit which would be used on the 
particular rheostat in question, the number of units can be deter¬ 
mined. If the specifications call for 300 per cent increase, the ap¬ 
proximate shunt field current would be 9^2 per cent of the normal 
current, and the approximate watts to be dissipated in the rheostat 
would be 300. Watts given in Table 14 are summation watts. 

Calculation of Summation Watts. The summation w^atts which a 
rheostat must dissipate may be calculated as follows: 

Assume a rheostat of resistance J?i, connected in series wdth a field 
of resistance /. If E is the line voltage, the maximum current will 
be E/fy and the minimum current will be E/(j + 2?i). If the resist¬ 
ance of the rhet)stat is divided into an infinite number of steps, the 
resistance of one step will be dR and the wattage of the step will be 
I-dR, I is the current at any point, and R the resistance to that point 


I = 




E 


f+R 

E^ 

(f + Rf 


w = I^dr = 


Summation watts 


/•«! 

*/o 


E^dR 

if + R? 

dR 


(f + R)^ 

_ _ r ^ m 

L/ + i?i /J 

E^Ri 


fif + Ri) 

E 


E 

= -7 X 


X Ri 


or 


/ f + Ri 

Summation watts = Maximum current X Minimum current 


X Resistance of the rheostat 
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As an example, assume that it is desired to determine the material 
required for a rheostat of 100 ohms for use with a 50-ohm field on 
230 volts. 

230 

Maximum 7 = = 4.6 amperes 

50 


230 

Minimum I = = 1.52 amperes 

150 


Summation watts = 4.6 X 1.52 X 100 
= 710 watts 


The rheostat must have sufficient material to dissipate this wattage 
safely. 

Rheostat Design. A motor field rheostat is usually designed to give 
either equal speed changes per step, or equal percentage changes per 
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16 


step. A typical example of each design is presented to illustrate the 
method. Figure 82 is a curve giving field current against speed for 
a 500-horsepower 250-volt motor having a sjiced range by field of 
150 to 450 rpm. The rheostat to be designed has 150 steps. Experi¬ 
ence has shown that it is not necessary to calculate each step, which 
would be a very long process, but that it is sufficiently accurate to 
divide the rheostat into a number of groups of steps. In this case 
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fifteen groups of ten steps each have been used. The design calcula¬ 
tions of Tabic 15 are for a rheostat giving equal .speed changes per 
step. The step numbers arc given in the first column. The speed 
change at each step is readily calculated by dividing the total speed 
change by the number of groups of steps; that is, 300 divided by 15 
gives 20 rpm per group. 

T.ABLE 15 
Rheostat Design 

500 Horsepower 250 Volt>—150- *50 RPM by Field—150 Steps— 

Equal Speed Increase per Step 


Rheostat 

Step 

Motor 

RPM 

Field 

Amperes 

Total 

Ohms 

Rheostat 

Ohms 

Group 

Ohms 

Group 

Watts 

0 

150 

15.9 

15.7 

0 

0 

0 

11 

170 

10.2 

24.5 

8.8 

8.8 

915 

21 

190 

8.0 

31.3 

15.6 

6.8 

436 

31 

210 

6.75 

37.0 

21.3 

5.7 

269 

41 

230 

5.9 

42.4 

24.7 

5.4 

188 

51 

250 

5.2 

48.1 

32.4 

5.7 

155 

61 

270 

4.65 

53.8 

38.1 

5.7 

123 

71 

290 

4.25 

58.8 

43.1 

5.0 

90 

81 

310 

3.97 

63.0 

47.3 

4.2 

66 

91 

330 

3.70 

67.6 

51.9 

4.6 

63 

101 

350 

3.50 

71.5 

55.8 

3.9 

48 

111 

370 

3.28 

76.3 

60.6 

4.8 

52 

121 

390 

3.08 

81.2 

65.5 

4.9 

47 

131 

410 

2.90 

86.2 

70.5 

5.0 

42 

141 

430 

2.80 

89.3 

73.6 

3.1 

25 

151 

450 

2.70 

92.6 

76.9 

3.3 

24 


These data are listed in column 2. The field amperes to give the 
required speed at each point are then read from the field curve. 

The total ohms of column 4 are obtained by dividing the line volt- 
age by the field current at each point. The value obtained for point 
zero is the resistance of the field itself, in this case 15.7 ohms. The 
rheostat ohms, in the next column, are obtained by subtracting the 
value of the field resistance from the total ohms of column 4. Column 
6 gives the resistance in each group. The wattage w^hich must be 
dissipated by each group is calculated from columns 3 and 6. When 
the ohms per group and the w^attage per group are knowm, the resistor 
material required for the group may readily be selected from the units 
or cast grids available, wdiose resistance and current-carrying capaci¬ 
ties will be knowm. Each group will be divided into ten equal steps. 
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As a check it is desirable to calculate the wattage on the first step of 
the group, particularly at the high-current end of the rheostat, to be 
sure that equal division of the resistance over the ten steps will not 
overload the first step. If that step has ample capacity, the rest of 
the group will be on the safe side. 

With the rheostat arm at any setting the current at the last step 
cut in w’ill be at the full capacity of that step, but all other steps up 
to that point will be working below full capacity. Only one step 
can be operating at full capacity at any one time. It follows that 
the step which is at full capacity is not subjected to as much heat 
from the rest of the rheostat as it would be if the entire resistor 
were operating at full rating. The continuous rating of resistor ma¬ 
terial is based on a number of units bunched together, and so helping 
to heat each other. It is possible, therefore, to rate the resi^tor ma¬ 
terial of a field rheostat approximately 15 per cent higher than its 
regular continu* Uo rating. 

The calculations of Table 16 are for a rheostat l)a^ed on the 
same field but designed for equal percentage speed increases. The 
rheostat is again divided into fifteen blocks of ten steps each. It is 
then necessary to find a factor by which the low !?j)eed (150 rpm) can 
be multiplied 15 times to give the high speed (450 rpm). This fac¬ 
tor is the fifteenth root of three, or 1.076. The speed at the begin¬ 
ning of the second block is then 150 multiplied by 1.076, or 161. At 
the beginning of the third block the speed is 150 multiplied by 1.076“, 
or 173, and in this manner the speed at each point is calculated. The 
speeds required having been determined, the currents are read from 
the curve, and the rest of the design is calculated in the same manner 
as has been described for Table 15. The irregularities in the tables 
of group ohms and group watts are caused by slight errors in plotting 
and in reading the field current curve. 

Any desired stepping of a rheostat can be worked out by the method 
described. Both the design giving equal speed increments and that 
giving equal percentage increments result in an unequal distribution 
of wattage over the rheostat. With a face-plate rheostat this does not 
make much difference, as the resistance material is separate, and any 
required amount may be used for any step. However, if the amount 
of material per step were fixed, as it is in a plate-type rheostat, these 
designs could not be used unless each step of the plate had capacity 
for the maximum step wattage. The use of equal percentage speed 
increments per step gives a more nearly balanced condition, but in 
order to get anything like equal w^attage per step the resistance would 
have to be tapered much more steeply. The speed increases at the 
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TABLE 16 
Rheostat Design 


250 Horsepower 250 Volts—150-450 RPM by Field—150 Steps— 
Equal Percentage Speed Increase per Step 


Rheostat 

Step 

Factor 

Motor 

RPM 

Field 

Amperes 

Total 

Ohms 

Rheostat 

Ohms 

Group 

Ohms 

Group 

Watts 

0 


150 

15.9 

15.7 

0 

0 

0 

11 

1.076 

161 

12.0 

20.8 

5.1 

5.1 

750 

21 

1.157 

173 

9.7 

25.8 

10.0 

5.0 

470 

31 

1.245 

186 

8.35 

29.9 

14.2 

4.1 

287 

41 

1.339 

201 

7.2 

34.7 

19.0 

4.8 

250 

51 

1.442 

216 

6.6 

39.2 

23.5 

4.5 

195 

61 

1.551 

232 

5.9 

43.7 

28.0 

4.5 

157 

71 

1.668 

250 

5.2 

49.6 

33.9 

5.9 

159 

81 

1.795 

269 

4.7 

55 

39.3 

5.4 

120 

91 

1.931 

289 

4.3 

60 

44.3 

5.0 

93 

101 

2.056 

307 

3.9 

64 

48.3 

4.0 

61 

111 

2.235 

335 

3.63 

69 

53.3 

5.0 

66 

121 

2.404 

360 

3.4 

76 

60.3 

7.0 

81 

131 

2.586 

386 

3.1 

83 

67.3 

7.0 

67 

141 

2.79 

418 

2.9 

87 

71.3 

4.0 

34 

151 

3.00 

450 

2.7 

92.6 

76.9 

5.6 

41 


low-speed end of the rheostat would have to be smaller, and those at 
the high-speed end would he larger. For this reason plate-type rheo¬ 
stats may not always work out well for motor field control. 

Constant-torque Drives. If the characteristic of the driven machine 
is such that it recpiirt's a constant torque, or nearly constant torque, 
at any speed, and if field control is used, these facts should be taken 
into consideration in designing the armature-accelerating resistance 
and in determining the capacity of the accelerating contactors. If the 
recpiired toniue is constant, armature current will vary in proportion 
to the speed increase by field, so that, for a 2-to-l motor, the armature 
resistor may theoretically be designed on the basis of one-half of 
the full-si)eed horseiiower. This permits of considerable saving in 
resistance material and in contactors. Also, the correct torque, and 
not excessive torque, is applied during the starting period. Instead 
of reducing the horsepower directly in proportion to the speed range, 
it is a common practice to reduce it in proportion to the square root of 
the speed range; that is. 

Maximum horsepower 

Accelerating horsepower = / . ^ ' 

V Speed range by field 
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A resistor designed on this basis will give enough torque to insure 
acceleration but will not give excess torque, and at the same time it 
will permit of economical design. 

A machine tool which takes a light cut at high speed and a heavy 
cut at low speed is essentially a constant-horsepower drive. When 
field control is used for any drive of this type, the armature resistor 
must be designed for full-speed horsepower. It is only in constant- 
torque drives that the accelerating resistance may be designed on a 
reduced-horsepower basis. 

Small Field Rheostats. The smaller field rheostats are usually con¬ 
structed in the form of circular plates from 6 to 15 inches in diameter. 
The base is of soapstone, or some other insulating material, on which 
contact buttons are mounted. Resistance wire is looped between the 
buttons and cemented into place. The short-circuiting lever is 
mounted on a bearing at the center of the j^late and is turned by a 
knob. Such pi ites are commonly used for generator field control and 
for small motors. They are limited in cai)acity by the type of re¬ 
sistance material and by the general method of construction. The 
resistance wire for each step covers the same area of plate surface 
and therefore should dissipate the same wattage. To accomplish this 
it is necessary that the resistance be tapered in ohms rather steeply. 
It happens that such a taper is clo^e to the resistance characteristic 
required for generator voltage control and will give approximately 
equal voltage changes per step, but the taper required for motor-speed 
regulation is much flatter. Plate-type rheostats therefore do not 
always work out efficiently in motor-sj)eed control except in low ca¬ 
pacities. However, they are so economically constructed that it is 
often advantageous to use them for motor-speed control, even ineffi¬ 
ciently, rather than some other construction. 

AVhen the required wattage is beyond that of one plate, several 
may be used in series or in parallel, and their levers may be operated 
by a common handwheel. A series arrangement is preferable for 
several reasons. The resistance per plate will be lower, i)ermitting the 
use of heavier wire and so reducing the danger of mechanical weak¬ 
ness or of breakage due to electrolysis. AVith plates in parallel, there 
is always the chance that, if one burns out, the others will be over¬ 
loaded and all will burn out before the trouble is corrected. There is 
also the danger that the levers will not be exactly synchronized, and 
so the plates will become unbalanced, overloading one or more until 
a burnout occurs. 

Large Field Rheostats. The larger rheostats consist of a scries of 
buttons or segments mounted in a circle on a slate panel, and com- 
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mutated by a lever which is usually double-ended. The resistance 
material is separate and may consist of any type of resistor unit or 
grid connected to the segments. The resistor is laid out in two dupli¬ 
cate portions, each half being connected to a half circle of segments. 
The two parts are then connected either in series or in parallel, de¬ 
pending upon the current capacity required. The lever is arranged 
to cut out the segments alternately in one half and the other, so that 
only one step is cut out at a time. 

Motor-driven Rheostats. If it’s necessary or desirable to control 
the speed from a remote point, a motor-driven field rheostat is used. 
The rheostat has a small motor which drives the rheostat lever 
through a reduction gearing. Split field motors are commonly em¬ 
ployed, as they afford a simple means of reversal. Motor drives of 
this sort can be applied to rheostats of either the plate type or the 
segment type. The speed of the rheostat is controlled by the insertion 
of variable resistance in the pilot motor circuit. Limit switches are 
also supplied. These may be of the geared type and incorporated 
directly in the rheostat drive, or they may consist of interlock fingers 
operated by the rheostat arm in its travel. Motor drives are usually 
arranged so that the drive may easily be disconnected, and the rheo¬ 
stat moved by hand, if desired. 

Potentiometer Rheostats. Potentiometer rheostats are connected 
directly across the line, and the field of the motor is connected across 
a portion of the rheostat. 

Referring to Fig. S3, 

E = line volts. 

R = total rheostat resistance. 

r = resistance of the field. 

i = amperes in the field. 

I = amperes in the portion of the rheostat which is in series with the 
field. 

X = resistance of that portion of the rheostat which is in series with 
the field. 



Then 
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The equations give the value of the resistance x in terms of quanti¬ 
ties which are known {E and r) or which can be assumed {R and i ). 
The total rheostat resistance R should be made as high as is ])ossiblc 
within the limits of the resistor materials used, to keep the summation 
watts of the rheostat low. A good value for R is approximately 4r, 
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and with this ratio the summation watts will be about 1.1 r. If 
R = 2r the summation watts will be about 1.2£'“/r. 

Instead of calculating each stej) of the rheostat, it is simpler to 
calculate a few points and plot curves of field amperes and rheostat 
amperes against the position of the rheostat arm, x. The other stej)s 


1 



Fig. 84. Calculation of Summation Watts. 

can then be read from the curve and be j)ro})ortioned to give approxi¬ 
mately equal current increments jier step. 

Summation Watts for Potentiometer Rheostats. The summation 
wattage equation for a potentiometer rheostat is somewhat more dif¬ 
ficult to calculate than that of sf^ries rheostat. 
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Referring to Fig. 84, 

/-£_ 

r{R — x) 

--—[- X 

r + R^x 
^ E{r + R — x) 

Rr + Rx — 
d (waits) = P dx 


Summation 


+«- »> Y 

•'i-o + Rx — 0 ^/ 


Tlie stepf- involved in the solution of this equation are rather compli- 
cated and not of enough general interest to be included here. The equa¬ 
tion nnluces to 

^ /2r^ + iRr + R\ 


Summation 


EW2 

ion watts = — (- 
r \ 


r \ ^Rr + R^ ) 

If the rlieostat resistance is now expressed in terms of the field resistance, 

R = Kr 

Substituting this value in the summation watts equation, 

(2P + 4AV + Kh\ 

Summation watts = — {-;-—— ) 

r V 4A>- + ) 

A- /2 + 4A + K\ 


A- (2 + 4A + 

”7~\ 4A+rA2 / 



Fig 85 Fiu*tor& for Summation Watts Calculation. 
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Since the ratio of rheostat resistance to field resistance, K, is known, 
the summation watts can readily be determined. Figure 85 is a curve 
plotted between K and the exj^ression of the equation in parentheses, 
as an aid in solving the problem when K is not a whole number. 
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Problems 

1. The speed of a direct-current motor is to be varied by field control. If the 
line voltage is 250 volts and the desired ransc' of s])eed control is obtained by 
varying the field current from 5 ami»eres to 2.5 aini>eres: 

in) What is the resistance of the motor fu'ld? 

ib) V\'hat total resistance is required in the field rlu'ostat? 

(r) What is thf: M.mniation watt rating of the rheoMal? 

((/) What 's the current taper of the rheostat? 

2. Tlie resistance of the shunt field of a 230-\olt motor is 55 ohms. The fi('ld 
current at maximum si)eed is 1.2 amperes. If the field rheo.<tat is made up of 
resistor units having a continuous rating of 50 watts (‘ach. how many will b(‘ 
required? 

3. If units of various continuous ratings an' a\ailable. and if the rheostat 
has 10 steps of equal ohmic value, what will })e th(' continuous wattage of tli(' 
unit ii.<ed for the first stej) of the rheostat? 

4. What will be the ohmic vahu* of th(‘ unit UM'd for the la«Jl sieji of the 
rheostat ? 

5. Referring to Fig. 82. calculate a rhc'ostat of 100 ps in 10 blocks, to give 
equal s]>eed increases per steji. 

6. Referring to Fig. 82. calculate a rheostat of 100 steps in 10 blocks, to give 
equal percentage ."jx'f'd increases jK'r stej). 

7. A 230-volt motor field having a resistan'-e of 150 ohms is connected to a 
600-ohm i)otentiometer rheo.stat at a jxhnt where the* field is in paralh*! with 
one-third of the rheostat. What field current is obtained? 

8. What will be the relative cost of the n'si.'-tor mat(*rial in the potentioiiu'tt'r 
rheostat of problem 7, compared with the cost of a straight s(*ries resKtor that 
will give the same motor .si)ecd? 

9. Referring to Fig. 102, and using a method similar to that of Table 15, 
calculate the ohms and watts for a generator rheostat of 100 steps, in 10 blocks, 
to reduce the voltage to 30 volts at full load, with a hot field. 

10. A 230-volt shunt motor has a maximum fiehl current of 7 anqieres, and 
the field current at twice base .‘sjieed is 2 amperes, (’alculate a rheostat of 100 
steps in 10 blocks, to give equal sfK'ed mcrc'a.ses per st(‘p. 

11. A 550-volt shunt motor has a .shunt field resistance of 100 ohms, and the 
resistance required in a rheostat to give a desin'd spec'd range is 300 ohms. 
Calculate a 150-step rheostat, using blocks of 10 .stejis each, and giving (*qual 
speed increases per step. 
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12. How many resistor units, rated at 100 watts each, will be required for the 
rheostat of problem 10? 

13. How many resistor units, rated at 100 watts each, will be required for the 
rheostat of problem 11? 

14. X sinp the data of problem 10, calculate a rheostat to give equal percentage 
speed incr(‘ases i:)er step. 

16. V sing the data of problem 11, calculate a rheostat to give equal percentage 
sj)eed increases ])er step. 

16. A salesman is asked to quote on the resistor material required for a field 
rheo.stat for a 230-volt motor having r field resistance of 45 ohms. The field 
current at maximum spe(*(l is 1.3 amperes. If resistor units rated 75 watts each 
sell for SI.50 each, what is the piice of the resistor? 

17. A 230-volt shunt motor has a field having a resistance of 65 ohms. When 
the motor is standing still, the maxiinuin voltage which the field can safely 
dissipate i'* 400 watt>. Calculate the ohms and the vrattage capacity of aa 
economizer n'sistor to be connected into the field circuit when the motor is not 
running. 

18. A 230-volt shunt motor has a field resistance of 50 ohms. The field current 
at thc' desired slowest sj»eed is 3.5 ami)eres and at the desired highest speed is 
1.5 ainp(‘res. Calculate the ohms and summation watts of the permanent re¬ 
sistor which is required, and also of thc \ariable rheostat. 

19. Calculate a 50-st(‘p rheostat for the motor of problem 18, using 10 blocks 
of 5 steps each. an<l giving equal sj)eed increase.' per step. 

20. If th(' motor of probhun 18 is equipped with a field-failure relay, what is 
the curnuit at which the relay must close, and what current must the relay coil 
b(* abl(‘ to carry continuously? 

21. A salesman ha< to (pioti' on a resistor for a rheostat for a 100-horsepower 
230-volt motor, whose' fielil characteristics are unknown. The sp^^ed range re¬ 
quired is 3 to 1. Th(' resiMor units to be used are ’’ated 75 watts each and sell 
for 81.50 each. Using the data of Table 14, calculate the price w'hich should 
be quoted. 

22. A 30-hors(*])owt*r 550-volt shunt motor which has not been designed is to 
have a sp(‘(‘d increast' of 100 per cent by shunt field weakening. Using Table 14, 
calculatt' th(‘ (‘stimal(*d fit*ld characteristics, that is: field resistance, rheostat 
re.sistance. maximum and minimum field (‘urreiits, and rheostat summation watts. 

23. A 230-volt shunt motor has a si>eed range of 2 to 1 by field control. If 
this motor is plugged when running at maxiiiium speed, to a reversed direction 
with full fi(‘Id strength, what countervoltage will be developed? 

24. A poteutiom(‘t('r rhc'O'^tat of 400 ohms is connected across a 230-volt supply 
line. A motor fit'ld of 100 ohms is to be varied by this rheostat. If the potenti- 
ometc’r rheostat is dividtal into 10 equal steps, calculate the field current which 
will be obtaiiH'd on each of the 11 points of the regulator. 
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Basic Principles. The speed of a shunt-wound direct-current motor 
has been shown to be proportional to the motor countervoltage. The 
motor terminal voltage is the sum of the countervoltage and the 
armature-resistance \oltage drop, the la<t being a relatively low 
value. The motor may then be made to run at any desired ^peed 1 h*1ow 
normal by apjilying a suitable sui)ply voltage to the armature, at the 
same time maintaining full voltage to the shunt field. When the 
mt'tor must be operated from the main power supply, it is obviously 
impractical to change the voltage of the supply lines, as that would 
affect the operation of every other motor connected to the lines. A 
resistor is then connected in series with the armature to reduce the 
applied voltage and so obtain a reduced speed. In order to be able 
to var>' the supply voltage directly, it is necessary to have a generator 
supplying only the motor, or motors, of the drive in question. ^Xith 
that arrangement, the applied voltage may be varied by varying the 
strength of the generator field. The motor armature i> connected di¬ 
rectly to the generator, and the motor may be ^tarte(l without recpiir- 
ing accelerating resistor or contactor>. Speeds above normal may be 
obtained by weakening the motor shunt field. Reversing is obtained 
by reversing the generator field, and so changing the polarity of the 
voltage applied to the motor armature. 

The basic adjustable-volt age system, then, reciuires the following 
machines and devices: 

A direct-current generator. 

A means to drive the generator (Diesel engine, or a-c motor). 

A direct-current motor. 

A small direct-current generator td excite the motor and generator 
fields. 

A rheostat, or other means, for varying the generator (and some¬ 
times also the motor) field strength. 

Variations. The basic system is subject to many variations and 
modifications, as determined by the reejuirements of the macliine to 
be driven. The generator may be a single machine or a group of ma¬ 
chines. The motor may also be a single machine or a group of motors 

186 
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connected to the same load or to different loads. The motor and gen¬ 
erator fields may be excited from some available direct-ciirrent sup¬ 
ply or from a small exciter. When a group of motors is being con¬ 
trolled, there may be separate exciters for each motor. The control 
may be manual or automatic. Motor-driven rheostats are widely 
used. Control for large motors and for motors subject to rapid speed 
change and reversal may use contactors to commutate resistance in 
the motor and generator fields. Separate exciters may be used for the 
generator and the motor, and th^ control may be in the exciter fields 
instead of in the fields of the main machines. 

Characteristics. Since the controlling means operate in the field 
circuits of the machines, and the armatures of the motor and generator 
are directly connected to each other, the control is relatively simple, 
and large magnetic contactors are not required, although a single main 
circuit contactor is often used. 

Armature-accelerating and -regulating resistors are eliminated, to¬ 
gether with their associated contactors and liming devices. The power 
losses, which make speed regulation by armature-circuit resistance in¬ 
efficient, are also eliminated. The power lost in the field-circuit resist¬ 
ors is relatively low. 

Rheostats can readily be built with a large number of finely gradu¬ 
ated steps to give a wide range of stable speeds These speeds will 
be accurate and will be affected relatively little by changes in load. 
By suitable design of the generator, speeds may be held constant to 
within a few per cent under any load condition. 

Because of the large number of speeds, the current and torque peaks 
during acceleration and deceleration are low, and the machine is 
started and stopped smoothly. This is important, for instance, on 
high-speed elevators and on paper-making machines. A smoothly ap- 
l)lied regenerative braking for slowdown and stopping is obtained. 

By suitable design of the generator it is possible to obtain auto¬ 
matically, and without the use of control devices, special speed-torque 
characteristics required by a machine. The electric shovel is a good 
example. Here it is desired that the machine slow down and stall 
when the shovel strikes an obstruction requiring mo^’e than a safe 
torque to move it. When the operator backs the shovel away, the 
speed should come back to normal. A three-field generator having 
a self-excited shunt field, a differentially connected series field, and a 
separately excited shunt field will give these characteristics. 

The adjustable-voltage system affords a means of controlling the 
speed of a grouj) of motors simultaneously. The roll-table drive de¬ 
scribed in Chapter 16 is an example; others are described in this chapter. 
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The adjustable-voltage system also offers a means of obtaining a 
wide range of speeds for a machine in a plant where only alternating 
current is available. 

An obvious disadvantage of the system is the cost of the machines 
required to obtain the adjustable A'oltages. 

Applications. Adjustable-voltage control is applied to machine in¬ 
stallations to obtain one or more of the advantages mentioned, and 
the usual applications fall into one of the following groups: 

1. Controllers for starting and siHunl-regiilating duty: 

{o) Single-motor or multiiiiotor. 

(6) Manually operateii, or automatically operated. 

(c) Speed '^•ontio! hv ad.iU'‘tmeiit of generator field only or by regulation ol 
both generator and motor fields. 

2. Controllers arranged for jn-esetting the oi>erating ^peed: 

(a’t Single-motor or multimotor. 

{b) Manual or automatic s})eed ^‘election, automatic acceh'ratioL to pre'set 
speed. 

(c) Speed control t^y adjustment of generator field only or by regulation of 
both generator and motor fields. 

3. Electric coupling between machines. 

4. Helper drives. 

Single-motor Manual Controller. Figure 86 is the diagram of a 
single-motor adjustal)le-voltage controller, using manually openited 
rheostats, and arranged for low-voltage starting and speed reguhiting. 
The motor armature is connected to the generator armature through 
a magnetic contactor M and an overload relay OL. 

In the off position of the controller, the contactor M is de-energized 
and open, and the generator rheostat is disconnected by an interlock 
contact on M. 

To start up the drive, the generator and exciter are brought up to 
speed and the exciter voltage is a<ljusted to the right value by means 
of its field rheostat. These machines continue to run as long as the 
drive is in use. The start button is jiressed, and the contactor M is 
energized, provided that the generator rheostat is in the weak field 
position, in which position only the interlock contact on the rheostat 
is closed. When M closes, its main contact clos(‘s the circuit between 
the generator armature and the motor armature, but little or no current 
flows because the generator field is short-circuited. One interlock 
contact of M provides a maintaining circuit, and the other connects 
the generator field rheostat into circuit. The motor is now accelerated 
to any desired speed up to normal by strengthening the generator field. 

A potentiometer rheostat is used for the generator rather than a 
series rheostat, so that the initial generator field current may be zero. 
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Speeds above normal are obtained by weakening the motor field. The 
motor is stopped by pressing the stop button, which de-energizes M. 
It is impossible to restart until the generator rheostat is returned to 
the weak field position to reclose the interlock switch. 




Fig. 86. Singlo-niotor Atijiustahlt'-volt ago Controller with Manually' Operated 

Rheostats. 

This is a very simjde form of controller, and no provision is shown 
for ])rotection against too rapid acceleration or deceleration. Such 
provision, and other ])rotective devices, disconnecting knife switches, 
etc., may be added to suit the requirements of a given installation. 
Figure 87 shows a manually operated generator rheostat of a type 
that might be used. The interlock switch is a pushbutton operated 
by the rheostat arm. The handwheel of the rheostat is not shown, as 
it is mounted on the shaft after the door has been closed. The exciter 
rheostat would probably be a small plate-type device. The motor 
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rheostat might be a plate type, or, if the service were severe, it might 
be a duplicate of the generator rheostat. If the sjieed range of the 
motor above normal were very great, the motor rheostat might also 
be provided with an interlock switch to insure that it was in the 
full-field position before M could be closed. Motor and generator 
field circuits might be incorporated in one rheostat, or two rheostats 



might be mechanically connected, so that the geiu^ator would be 
brought up to full voltage before the motor field was weakened. 

Single-motor Starting and Regulating Controller. When c)|)(‘rati()n 
from a remote j)oint i*- desirable, the rheostat may he driven by a i)ilot 
motor, which is controlled from pu'-hlnitton^. The i)ilot motor may 
be connected to the rheostat arm by gearing or throiigli a chain and 
sprocket drive, or the rheostat arm may be mounted directly on tlie 
slow-speed shaft of a geared-head motor. Figure 8S shows a small 
rheostat of this kind. 

The controller shown in Figs. 89 and 90 uses a reversible series- 
wound motor, spt‘cia!ly designed for tlie purjiose and having a gear 
reduction built into it. The motor is provided with a large flange for 
mounting to the panel, and the slow-speed shaft is extended through 
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the panel to support the rheo&tat arm. The arm is not permanently 
fastened to the slhJt but is driven through an adjustable friction 
clutch, so that it may slip a little when it strikes the limiting stops 
and so relieve strains on the gearing. The circuits for controlling both 



motor and generator fields are combined in the one iheostat. Below 
the rheo.^tat proper are the relays for controlling the pilot moior, the 
main motor circuit contactors, and the overload relay. The rear view 
shows the type of field resistors used. These are small coils of resistor 
wire, mounted directly to the rheostat buttons, which eliminate the 
wiring that would be necessary with conventional resistor units. One 
of the jilate-type rheostats mounted on the panel is used in the exciter 
field circuit, and the other is an adjustable permanent resistor in the 
main generator field circuit. The normally closed contactor and the 
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grid resistor are used for dynamic braking of the main motor. The 
round slider-type units regulate the speed of the pilot motor. 

Figure 91 is a diagram of a motor-operated controller arranged 
for starting and speed regulation both below and above the nonnal 



motor speed. To put this drive into operation, the main generator 
and the exciter are started and brought up to speed by their driving 
means, which would probably be alternating-current motors. The 
exciter voltage is adjusted to the proper value. Tlie main generator 
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voltage will be zero, as the generator field is short-circuited. The 
motor field will bo at its full strength to give normal, or base, motor 
speed. To simplify the diagram, the rheostat circuits have been shown 



Fi(. 90 ^lot oi-opt latoil AtlJll''illl)l<'-^ oltai’C Contiolloi. Real \iew. 

as straight liiicw. Actually they are arranged in circles as shown by 
the photograplis. The photogral>h^ do not correspond exactly with the 
diagram, as no photograph of a controller having these exact circuits 
w'as available. 

To start the motor, the start button is pressed, energizing relay 1C, 
which maintains its own circuit around the start button and p^o^ides 
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a circuit to energize the main contactor M. The starting circuit is 
available only when the rheostat arm is in the ofT i)osition; in any 


Gen. series 




FiiS. 91. SinKlr‘-rnotor A(l.iu.stahl(‘-v()ltapo ('‘onlnjllfr witlj Mol<)r-t>|»(‘iatc<l Hheo- 
stat>, for Startmj: and SjK‘cd-n‘>fnlatmK S(‘r\ n*(* 


other position IT and M are energized through thedr maintaining inter¬ 
lock contacts. I'he motor may now be accelerated to any <lesircd 
speed by holding down the fast button until that speed is reached. 
This button energizes relay F, which in turn ent‘rgiz(‘> the rh(‘o.stat 
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])ilot motor. The rate of acceleration is governed by the settings of 
the adjustable series resistor /?3 and the adjustable armature shunt 
resistor i?4. The main motor speed may be reduced by pressing the 
slow button, energizing relay S. This relay energizes the rheostat pilot 
motor in the reverse direction, the rate of deceleration being governed 
by the settings of the adjustable resistors J?1 and R2. As the rheostat 
arm moves from the off position, it first strengthens the generator field 
by cutting out one step after another of the resistor. When the gen¬ 
erator field has reached its full <^rength, resistance is inserted in the 
motor field to increase the speed further. 

The main motor is stopped by pressing the stop button, which opens 
the circuit to IF. A lormally closed contact on 1C bypasses the slow 
button, (uergizing relay N, and so causing the rheostat anii to return 
to the off i)o.'-ition, where it is stojiped by the limit switch LS. During 
this time M is maintained closed by its own interlock contacts and 
does not open until the rheostat arm returns to the off position and 
there breaks tlie maintaining circuit. The motor cannot be restarted 
or reacceleruted after the stoj) bution has been pressed, as there is 
no circuit to the start button, and the circuit to the F relay is broken 
by one contact of the N relay. By so arranging the stopping circuits, 
the controller provides regenerative iiraking during deceleration. The 
jiilot motor is usually adjur-ted to run much faster luring deceleration 
than during acceleration, ])erhaps 60 to 90 seconds in one direction, 
and 3 seconds in the other. 

For some aiiplications this method of stopping is too slow. A nor¬ 
mally closed dynamic braking contactor 7>, shown on the tdiotograph, 
is then jirovided, and the stop button is arranged to de-energize M 
and I) at once and so connect a step of resistance across the motor 
armature. The coil of I) would be connected in parallel with that of 
3/, and the maintaining interlock contact of M, which connects to the 
rheostat contact striji, would be omitted. The rheostat would auto¬ 
matically return to the off jxisition as before. A combination of the 
two methods is often used, regenerative braking being used for slow¬ 
down and dynamic braking for the final stop. 

Multimotor Drives. There are many applications, particularly in 
the paper aiul textile industries, in which it is necessary to control the 
speed of a group of motors simultaneously. Adjustable-voltage control 
is widely used for such applications. 

Figure 92 is a diagram of a controller for a group of motors, which 
is arranged for starting them together and regulating their speeds as 
a group. Three motors are shown, but there might be any number in 
the group. For each motor there is a main contactor and an overload 








197 


SPEED-SETTING CONTROL 

relay. A group of pushbutton stations, one for each motor, is arranged 
so that any one or more of the motors may be connected to the 
generator, provi(l(*d that the generator rheostat is in the off position 
and the generator voltage therefore zero. If the number of motors 
in the group is fixed, the individual contactors and pushbuttons could 
be omitted and a single main contactor substituted. The individual 
motor rheostats are used to adjust the relative speeds of the motors, 
and they might have to be set differently at different operating speeds 
because the characteristics of the motors might not be alike. This 
would be particularly true if the motors were of different sizes. It 
will be apparent that a motor-operated generator rheostat could readily 
be ai)plied to a group Irive if remote control were desired. 

Speed-setting Control. Many applications of adjustable-voltage 
control recpiire speed ^etting, which means that it must be possible 
to stop the drive, and restart it from a pushbutton, having it auto¬ 
matically return to the speed at which it w’as running when the stop 
button was pre.s>ed. There are a number of w’ays of doing this. At 
first thought it might seem that an adjustable limit switch might be 
provided for the rheo>tat lever, but there are several objections to that 
arrangement. It is not a simjde matter to design a limit switch 
wdiich can be readily set at any point in the rheo^tat travel, particu¬ 
larly if the switch must be set from a remote i)oin* The speed of a 
motor-driven rheostat is usually slow*, so that the arm can easily be 
stopi)ed on any desired button, and with slow operation it w’ould take 
too long to restart the drive after a stop. 

Controllers for large motor> such as those driving rolling mills for 
sheet steel, use a double-arm rheostat arrangement. A conventional 
motor-driven rheostat, having al>out 150 steps, is used for selecting 
the operating si)eed. A second motor-driven rheostat arm, having 
about 75 contacts, but \vithout resistor, and running at a faster speed, 
is used for starting. The contacts oi the starting arm are connected 
to alternate contacts of the regulating rheostat, so that the starting 
ann commutates the resistor tw’o steps at a time. The control is 
then arranged so that the regulating arm is set from pushbuttons and 
left at the desired speed i^oint. When the starting pushbutton is 
operated, the starting rheostat arm travels through its full cycle, cutting 
out resistance up to the point at wdiich the regulating arm is set. 
The rest of its travel does not have any effect. In stopping, this arm 
moves back through its full travel to the off position. The drive may 
then be started and stopped as often as desired and will alw’ays return 
to the preset speed. Since the field currents of these large motors 
may be in the neighborhood of 100 amperes, a relatively expensive 
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controller is not out of consideration, but for smaller installations other 
methods are generally employed. 

A method used relatively infrequently is to preset the speed by 
means of a generator rheostat and to do the starting and stopping of 



Fig. 93. Multimotor Adjiistablo-voltagf* Controllor with Manually Operated 
Rheo>latfc. Speed Setting by Generator f’ield Acceleration. 

the whole drive by starting and stopping the alternating-current motor 
which drives the gent rator. This arrangement may be used with either 
a manually operated or motor-driven generator rheostat, and for 
either a single motor or a group of motors. It has the undesirable 
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feature of requiring the starting and stopping of the alternating-current 
motor and the generator as well as the drive motor. Also the starting 
will not be so smooth as it might be, particularly if the alternating- 
current motor is started by direct connection to the lines. 

Another method, and one frequently used, is to supply the conven¬ 
tional generator rheostat and in addition a starting resistor in the 
generator field circuit. Figure 93 shows the connections, and it will 
be evident that the method may be applied to either a single motor 
or a group of motors. In this diagram, a single main contactor has 
been shown, one having both a normally open contact for the line 
and a normally clos(‘d contact for dynamic braking. The latter feature 
is not always desired. Individual contactors for each motor could 
be Used if it were desirable to be able to cut out some of the motors. 
The generator rheostat remains at the preset speed ])oint, but the field 
is reduced to a low strength at the .<tart because of the starting resistor. 
The relay FA has lum shown as a multicontact timing device, which, 
wh(‘n energized, closes its contacts one after another in sequence, until 
the starting resistor is short-circuited. When that has been accom¬ 
plished, the generator field strength will be determined by the setting 
of the rheostat. The timing device is one of a ty])e frequently 
emi)loyed for the ]>urpose, but for larger motors it could be replaced 
l)y a s(‘t of magnetic contactors timed by this device or by some other 
form of timing relay. 

The connections for still another common method of speed setting 
an* shown in Fig. 94. Here armature circuit accelerating resistors are 
Used, and the motors are starti‘d as if they were connected to a 
coiistant-voltagi* power sup])ly. No means of timing the acceleration 
has l)een shown, but any of those in general use would be satisfactory. 
Here again many mollifications of the general scheme are possible. 

Synchronizing Motor Speeds. Several of the diagrams for multi¬ 
motor controllers show rheostats in tlie individual motor field circuits, 
and it has been .^aiil that these are for the jnirpose of adjusting the 
relative speeds of the motors. Manual adjustment is satisfactory for 
some a[)i)lications. but, if a continuous strip of material, such as steel, 
cloth, or paper, is passing through a series of motor-driven machines, 
it is gi*nerally necessary to provide some means of automatically hold¬ 
ing the motor s|K‘eds in the right relation to each other. In the textile 
industry, a device known as a dancer roll is common for that purpose. 
A dancer roll is a roller so mounted in slotted end supports that it is 
fixed in position horizontally but free to move vertically within limits. 
A motor field rheostat is mechanically connected to the dancer roll 
and operated by it as it moves up and down in its supports. The 
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cloth is fed over a stationary roller at the top of the dancer roll, then 
down under the dancer roll, back up to another stationary roller, and 
from there into the next processing machine. Now, if the motor of 
the leading machine is running too fa>t, the slack in the cloth will 
begin to be taken up, and the cloth will pull the dancer roll up. As 
the roll moves up it operates the rheostat connected to it, resistance is 
cut out of the motor field circuit, and the motor speed is reduced. 
Similarly, if the leading motor is running too slowly, there will be a 
great(‘r loop of cloth between machines, and the dancer roll will drop. 
The rheostat will then be moved in the opposite direction and will 
insert resistance* to spccMl up the motor. Rheostats for this service 
must be well built, as the dancer roll is continually hunting, and the 
rli(‘Ostat is in constant motion. A serio of textile j)rocessing machines 
would hav(‘ a dancer roll for each individual motor, with the exception 
of the leading motor, to which the si)ecds of the others would be 
synchronized. 

W hile the dancer roll works well for cloth j^roce^sing, it obviou.'-ly 
would not work for sheet ste(‘l which is being ju’oeessed under tension. 
Here the strip may pas^ through a number of tandem rolling mills, 
each driven by a large motor of iH*rhaps several thousantl horsepower 
in rating. Tin* motors are designed for a very close speed remilation: 
that is. the sj)ei‘d at any load is almost the same. p]ven so, it is 
desirabh* to provide* additional means of holding the sj^eed constant. 
iuTause tNNo motors ^^hich will run at the same speed at one speed value 
nill not m*cessarily run together over the whole s])eed range. One 
method of correction is to provide an auxiliary field winding in the 
motor an<l to vary its strength in different amounts, depending on 
the motor sj)eed. The rheostat for vaiying the main field of the motor 
has an additional set of contacts to vary the resistance in tlie auxiliary 
fi(‘ld winding. The resistor values have to be carefully determined, 
generally by test after installation of the motor and mill. 

A series (‘xciti'r may be used to obtain a[iproximately flat speed 
regulation over the speed range, 'fhe exciter is a small direct-current 
generator, which has its field connected in series with the armature of 
the main generator and its armature conneete<l in series with the field 
of the main generator. Normally the speed of a motor decreases with 
an incr(‘ase in load, because of the increased IR drop in both generator 
and motor. Wdien the series exciter is used, an increase in load will 
strengthen tiie exciter field and increase the voltage at its armature. 
This, in turn, will increase the current in the main generator field and 
so increase the genetator armature \oltage. By proper adjustment it 
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is possible to obtain very close speed regulation between no load and 
full load, and at all speeds (see Fig. 95). 

A paper-making machine requires extremely close s])eed control 
because the paper is so weak that a veiy" slight variation from tlie 
correct speed relation between sections of the machine would result 
in a break in the paper. In its wet state, newsprint i)aper has a tensile 


Gen. series Series exciter 



Main exciter 



Fig. 95. Connec■tlon^ for a S< in - E\< it« r. 

Strength of about 0.0b pound per inch of width, and, a^ the ten>ic)U 
produced by its own weight i> about 0.04 pound per inch, the margin 
of safety i> rather small. Since the s])eed of the paper traveling 
through the machine may he 1000 feet i)er minute or more, it i> evident 
that the control mu>t be .‘'en>itive and accurate. 

One form of control makes use of a mechanical differential, similar 
Vn principk lo t\\e difterenUal gears of an awlomolnle, \m\ made \v’u\\ 
extreme accuracy. Such a differential has three shafts, one to each 
of the outer gears and one to the ring gear. When the two outer gears 
are rotated in opposite directions at the same spei'd. the ring gear 
remains stationary, but, if there* is any slight difference in the speeds 
of the outer gears, the ring g(‘ar will begin to revolve. In applying 
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this principle to a paper machine, one differential mechanism is used 
with each motor of the machine. A master speed-setting motor is 
arranged to drive a shaft which extends the whole length of the paper 
machine, and one outside gear of each differential is geared to this 
shaft. The other outside gears of the differentials are each driven 
from one of the motors driving a section of the machine. The ring gear 
shafts of the differentials are each arranged to drive a rheostat having 
a large number of finely graduated steps. These rheostats control the 
si>eed of the section motors. If the gearing were fixed in ratio, all the 
motors would run at the speed of the master shaft, since any attempt 
to run at another si)eed would cause a ring gear to turn, operate the 
rheostat, and correct Tie motor speed. Actually, it is necessary to 
have a slight speed difference between motors, to make up for the 
idongation of the paper between machines. This is accomplished by 
using a belt drive, through a ])air of cone imlleys, between the motor 
and the differential. By suitaiile adjustment of the ])ulleys, the motor 
speed may be set at any desired value, and the differential rheostat 
will hold it there. The speed of the machine as a whole is adjusted 
by varying the main generator voltage, which affects all motors alike, 
including the nui'^ter motor. 

Th(‘ differential function may also be obtained electrically, eliminat¬ 
ing the n(‘cessity for the master shaft and mechanical differential 
gt‘aring. The electrical differential consists of a stator and a rotor, so 
arranged that any relative motion between them will move a rheostat. 
One i*- Used for each motor of the paper machine. All the stators are 
energized at tlu‘ same fre(|uency from a master alternator. Each rotor 
is energized from a generator belted through cone pulleys to one 
section of the machine. As long as the fretpiency of the individual 
generator matches that of the master generator, which would mean 
that the speed was correct, the rheostat would not be moved, but, as 
soon as any variation occurs, the rotor of the differential will start to 
turn to correct it. The tonpie of this type of regulator follows a sine 
curve, so that a slight displacement between rotor and stator will 
produce a strong tor(|ue. and to further insure sensitivity the device 
is designed to produce many times the torque required to turn the 
rheostat. 

A tlnrd met\\od of synclwomz’ing the sections of a paper machine 
uses the mechanical differentials but substitutes for the master shaft 
a masttu’ alternator and an individual synchronous motor driving each 
differential. The three methods are illustrated in Fig. 96. 

Electric-shovel Control. The contrast between the drives just de¬ 
scribed aiul the electric-shovel drive illustrates the flexibility of the 
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Motor Motor Master 

3 2 motor 



Mechanical Master Shaft —Mechanical Differential 



Electric Master Shaft — Electric Differential 


Motor Motor Master 

3 2 motor 



Electric Master Shaft—Mechanical Differential 


Fifj. 96. Diffprontial Spcod-synchronizirif; C'ouirul Met hods. 
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adjuptal)lo-voltaji;c .system. Instead of requiring a constant speed at 
all loads, the shovel requires a control which will allow it to slow down 
under heavy loads and stall if the load is too great. This is accom¬ 
plished by means of a three-field generator. The machine has a 



ilifferentially connected series field, a self-excited shunt field, and a 
se])arately excited shunt field. The connections for the controller are 
shown in Fig. 1)7. The series field and the self-excited field are usually 
not varied in operaticni, the control being obtained from the separately 
excited field only, although sometimes the strength of the self-excited 
field may be cliangt‘d by the controller. For electric shovels the 
controllers are usually of the drum type, including contacts for revers- 
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ing the field, applying the field disjcharge rctiititor (F-D) in the off 
position, and varying the regulating resistor for speed control. 

The shape of the generator voltage curve will depend on the relative 
strength of the three fields, and with a constant motor field excitation 
the speed-torque curve of the motor will be of the --ame ^ha|)e. Figure 
9S shows typical curves obtained by varying the sejiarately excited 
field. At no load, the effect of the ^erie> field i> zero; and, when the 
motoi is stalled, the effect of the ^elf-excited field i> zero. The effect 



of the self-excited field i> to maintain the load curn nt nearly contain 
over a con>iderable voltage rang*. 

The advantage."' obtained with thi> type of drive are that the maxi¬ 
mum motor torque, maximum motor >j)eed, and maximum motor 
armature current are limited. Clood oi)erating -pi‘(‘ds nrv ol)tained at 
^oads near the maximum torque value, and the maximum lonpie i- 
exerted at ^tand!"till with little (‘xpenditure of iK)wer. 

Prevention of Creeping. Not all adju>table-voltag(‘ ^y.stt^m.s are 
arranged so that the main armature circuit i^ opene<l when the motor 
is stoiiped. The motor and generator armaturo may be i)ermanently 
connected together, or, particularly with larg(‘ motoi>, there may be 
a circuit breaker in the armature circuit for di>connecting aial for 
protection against overload. The circuit breaker wouhl not opiai in 
normal operation. Such drives are stopped by reducing the genc'rator 
field strength to zero, but there is danger that enough i-esidual field 
strength may remain to generate a low voltage and keej) the motor 
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turning at a low sfK'ed. To i)revent this, the generator shunt field is 
disconnected from the exciter by suitable magnetic relays and recon¬ 
nected across the generator armature, the polarity being such that any 
voltag(‘ g(‘nc*rated by residual field magnetism will cause current to 
flow through the field in the r(;verse of the normal direction. The 
result will be to kill any remaining field magnetism, and for that 
reason the scheme is known as a suicide connection. 

Electric Coupling. An adjustable-voltage system is sometimes used 
only to obtain an electric coui)ling between two machines. A reel 
for coiling >trip steel as it comes from a rolling mill is a good example. 
Tlu* mill itself may be driven from a constant-voltage ptiwer supply 
but may operate over a range of speeds obtained by field control of 
its driving motor. The sj)eerl of the reel must basically follow that of 
the mill, and ^o the reel motor will be driven from a generator geared 
to the mill. Tlum any change in the mill .<i)eed will result in a change 
in the generator .^pe(‘d and voltage, with a corresponding change in 
the motor ^pee^l. The reel motor will be required to change its speed 
continually the roll of >teel builds up, in order to maintain a 
constant linear >i)eed and a constant tension in the steel. The control 
device> for this purpose* cannot be de^cribed here, but they operate by 
controlling the motor field, and the adjustable-voltage generator is 
needt‘d only for the coupling described. 

Helper Drives. Wlu‘n a machine includes a long endless belt, or an 
endh>> web of f(‘lt running over a number of rolls, it is de^irable to 



apply driving power at a number of points to equalize the stresses 
in the belt or web. The usual practice is to drive a generator from 
.*^01110 shaft of tlie macliine, and to utilize the generated power to 
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energize several motors applied to individual rolls. In this way the 
entire driving effort need not be transmitted through the web, and the 



Fig. 100. Oporator’.s Control Panel. 

stresses may be equalized by adju.stirig tlie torque delivered by each 
motor. It is generally neee.ssary to have a small motor-driven boostiT 
generator in addition to the main generator, to su])ply a constant 
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voltage to compensate for the motor voltage drop. This voltage drop 
ifc' eon'^tant at all sju^eds, s-o tliat it cannot be correctly compensated 
for by tile adju^^table-voltagc generator. Figure 99 --ho^^^> the arrange¬ 
ment of a helper drue 



1 u. 101 r iiuldu Moloi-opi 1 iti.ll Rluo^t 


Operator’s Panels. The opeiator of a machine drnen by an adjust- 
able-\oltage is likely to ha\e to handle a good many pilot- 

control (leMce> There aie UMially ^e\eral rheostats and a number 
ol pushfuittoiis, there may be transfer siMtches or emergency snitches. 
The opeiator mav aKo ha\e to natch a number of instuiments, such 
as \oltmeteis, ammeters, and tachometers. These detices might be 
mounted iinln idually at coineuient points on the machine, but con¬ 
venient jilaces aie not always ea^'V to find, and the mtemirmg of the 
dcMces may be ilifiicult. It is otten a better arrangement to mount 
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all the control devices and instruments on a steel panel, which will 
also contain the interwiring and be j)rovided with a terminal board 
for the connections to the main control jianel. Figure 100 fchows such 



0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 

Field curretit in amperes 

Fig. 102. Generator Characteristic Ciir\es. 


a panel, mounting meters, rheostat.'*, and ojierating l)U^hl)utton^. The 
three acorn nuts, grouped around each rheo>tat handwheel, are the 
mounting,^ for the rheo^tat^, which arc on tlie rear of the ])aiiel. TIk* 
rheostats shown have a duplex concentric drive*, for a main and a 
vernier rheostat. The panel hinged to it> .‘supporting frame an<l 
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may hv o]>on('fl for inspootion of the rheostats and for wiring to the 
terminal board. Flexible hinge wire is used between the devices on 
the door and any devices mountefl to the stationary frame. Some 
operator’s panels are totally enclosed, requiring that the door be open 
for operation. This arrangement would be adopted only if access to 
the i^anel was not often necessary. 

Tandem Rheostats. When more than one motor is to be controlled 
by a rheostat, the rheostat may include two or more sets of segments 
and field resistors. When the motors are large, and the field currents 
high, this may not l)e practical. For some ai)plications it might be 
desiral)le to control the motors either individually or in tandem, and 
tlie multiple sets of co.itacts would not readily permit that operation. 

Figure 101 shows the coii'-truction of a tandem rheostat for a pair 
of large mill motors, with motor-driven cro<sheads which move in a 
straiuht line. The i>ilot motor of each rheostat drives a screw shaft, 
throimh suitable gearing, and the cro^^head operates as a nut on the 
shaft. Hru-he'- on the cro^>head contact the rheostat segments. The 
rc'-i^tor i^ mounted in the frame lK‘hind the crosshead and is connected 
to the semnent>. The two screw shafts are connected at the top, 
throuuh l)evi‘l uearinu ami a cro^s-shaft, ami a magnetically operated 
mechanical clutch i- includetl as a part of the cross-.'-haft connection. 
For individual op(‘ration, the clutch is open: for tandem operation, the 
clutch i'' closed by j)re^^ing a button which energizes its operating 
luauuet, and then the rheo^tat^ will operate together. The control 
circuit"' are arranged so tliat the clutch can l)e closed only when the 
cnw^head" are in th(‘ otY position, ami so that both pilot motors are 
always operatt'd when the clutch is clo.'^ed. These rheostats were 
arranged for the future addition of a third unit in tandem with the 
two lir-'t iii'-talled. Figure 102 is a typical generator saturation curve. 
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Problems 

1. I\<ing tlie curve of Fig. 102. calculate the ohms requinnl in a rheostat which 
will reduce the generator voltace to 30 volts at no load, and with a cold fi(’ld. 

2. Calculate the summation watts of the rla'ostat of i)robleiu 1. 

3. Calculate the ohms requin li in a V(Tni(’r iheoMat which will ]>erfnit a 
minimum adjustment of 20 vult< at full load, with a hot fiehl. 

4. Calculate the ohm's requinni in a verni(*r i}i('o-«tat which will permit an 
adjustment of a min’mii'U of 20 volt.-* uiuler any condition of gtau'r.ttt r loail and 
field tempera^-ue. and <1 any j^oint in tin* voltage rang(' up to 250 volt>. 

5 . C'alcuhitr' the maximum ampere capacity, minimum ami>ere ca]mcity. and 
summation watt-*, for the v(‘rni('r rheo-tat of i»rol)lem 4. 

6 . With the rheo>tat of problem 4. what will Ix' the maximum voltage adjuM- 
ment obtaiiu'd 'ud«‘r any condititm of g('in*rator Ioa<l, field t(‘mp( ratun*. and 
genera’<jr voltage? 

7 . Make an elementary diagram similar to Fig. 91, ( \j*ept n'jJace contactor M 
by a circuit breaker, and a(M rf‘lay> for pn venting crf‘C-i>ing when tlw drive i-- 
stopped. 

8 . Make an ehmieiitary diagram similar to Fig. 92. rxcc'j't adil relays and 
j»u.'*hbuttons for .M‘lecting the direction of travel be^ a* the motoi-*' are -tartiMl. 

9 . Make an elementaiy diagram of a controlh r i:k. Fig. 93. foi 5 motor.-*. 

10. Comi»l(‘te ehanentary diagrtm Fig 97. a<lding liic control cin-mt-*. and u-*ing 
a reversing nia.^ter controller having five **peeds ii. each direction. Tse magnetic 
contactors to commutate the rc'gulating n'-i^to Add overload and low-\oltag« 
jirotective relays. 

11. A 230 -\o 1 t 600 -rpin shunt motor ha-: a field re^i-taiice of 50 ohms, and for 
a 2 -to-l spef‘d range has a field current range of 4 to 1. (’alculate th<‘ ohm^, 
maximum and e ninium ampere capacity, and .-*11111111x11011 watt-. c,»* a rheostat 
for the motor. 

12. Plot a curve of .vpeed against field current, for tla* motor of problem 11. 
as.suming that the .<peed varitinversi-ly as the .-*(piare root of tlie field current. 

13. losing the curve of jiroblem 12. calculate the ohms required in a dancer-roll 
rheo.<tat which will give a minimum spix-il ad.iu-*tnient of 60 rpni. 

14. What is the maximum s^iecxl a<l.iustnifnt which will be obtained with th<‘ 
dan<‘er-roll rheostat of i>rofilem 13*^ 

16. It the rheo.stat of problem 13 has a taper so that the last step is four times 
the ohms of the first .step, and there are 20 ^t(‘p^. what is the ohmic \alue of 
each step? 

16. If the dancer-roll rheostat is o])<*rating with the main motor rh<*ostat all 
in circuit, what speed change occurs wlien the last .step of the damer-roll rh<*ostat 
is inserted into the circuit** 
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17 . If I hr (lancrr-roll rhoostaf is oprrafinp with tho main motor rheostat all 
out of the cirruit, wliat >pof'(l clianjro omirs when the first stop of tho dancer- 
roll rheostat is inserted into the eireuit? 

18 . A iiiaehine drive* consists of two 230-volt shtint motors having a speed range 
of 600 to 1200 rpm, and a g(‘nerator having a voltage range of 115 to 230 volts. 
If the motor armatnre.s an* arranged for s(*ries-parallel connection, what is the 
>p(*e(l range of the machine? 

19 . A 230-voll motor fiehl having a resistance of 150 ohms is connected in parallel 
with a ]>('rmant'nt (lix'hargc* re>i<1or which limits the discharge voltage to 690 
volts. What are the* ohmic value and maximum and minimum ampere* e*apacity 
of a rhe'oslat which will provide a fi<‘ld - urre'nt at high sj>eed. e)f 0.50 ampere^? 

20 . Referring to Fig. 102, and u.’^ing I lie me-tliod of Table 15. e*alculate the ohm- 
and watt- for a rheo-tat of 150 -tops, in 15 hlejcks, to reduce the voltage to 50 
\oll> at iK) load, with a e*o' * fif'ld. 
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AUTOMATIC REGULATING SYSTEMS 

Closed-loop Regulators. Most regulating systems used in industrial 
motor-control a]'»plioations are of the closed-looi) type. A closed-loop 
regulator is an amplifying system, which i>]>erates from an error or 
difference between a nderence quantity and an actual resulting (luan- 
tity, in a manner tending to keep the error as small as possible. 

Motor-control Applifations. The need for automatic regulating 
systems in electric motor control has develo])ed largely be-*ause of 
changes in mam/aetuin.^ method*^. Formerly, single operations were 
performed or materials being processed, and the materials were moved 
from one machine to another until finally coinplet(‘(l. Thi^ method 
required cutting the raw materials into suitable sizes and handliiia 
them throughoiu the processing as individual piece'-. 

In keeping with improved manufacturing method^, the natural trend 
was to eliminate as much as possible the handling of materials between 
process operations. Tliis ha^ led to ju'oce'-sing materials in coiitmuoU'< 
form, as coils of strij) or sheet and rolls of wire or rod. When materials 
are handled in continuous form, and pass through a ‘-cries of ])roc(*'-sini: 
operations, control problems are encountered that often n'quire auto¬ 
matic regulating .‘-ystem-* for their satisfactory solution^. The sev(‘ral 
machines in a continuous proces-ing line are u-ually diuen by indi¬ 
vidual motors, the motors receiving their powtr from one or more 
adjustable-voltage systems. Individual motor drixt'-^ an* usually iv- 
quired because the length of the line mak(‘s .shafting impractical, lait 
a more imiioriant reason is the requirement for fiexibilit\ betw(‘en 
process sections. This would be extremely difficult to jirovide I)y 
mechanical means. 

The proper coordination of a number of motors dri\ing s(‘parate 
machines, which process a continuous length of material, re([uires 
precise regulation of voltage, speed, current, tension, and position. 
Often, there is one section of a macliine where the linear sptrd must 
be held constant, and this becomes the master section of tlu* grouj). 
0ther sections must be synchronized with it so the material (lo(‘s not 
pile up between sections, nor is tom because it gets too tight. Some¬ 
times the tension in the material entering a machine is critical, and 
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this requires tension regulation. Other machines may require a slack 
loop in the material, and a regulator is used to maintain the loof) 
at its proper form. Lateral location of the moving material is often 
important, and position regulators are used to compensate for irregu¬ 
larities in the edge of the material and other variables. Current 
regulators are usually used with helper motors and cause these motors 
to oi)erate at constant tortjue output. 

Continuous-processing methods require handling of the materials 
in roll, coil, or bobbin form. These coils must be wound under care¬ 
fully controlled tension conditions for process reasons and to prevent 
(himage to the coil in handling.^ Constant-tension winding is commonly 
clone not only in the continuous-processing operations, but also in 
pn'parntoiy proce>ses when getting the material ready for the final 
l)rocess or for sale. Proi)erly wound coils or rolls will not telescope 
in handling and will not be damaged under normal storage or handling 
conditions. 

Regulators u.^ed in industry must meet a wide range of performance 
r(‘(iuii‘ements and, very often, the tyj)e of regulator used is determined 
by th(‘ reciuirement. Beyond the ability to do the job satisfactorily 
is the nei‘d for d(‘pendability. This is especially true in the case of 
high-sj)eed i)rocessing lines, where the failure of one part or function 
may shut down the entire line and where down time is expensive in 
terms of lost ])roduction. 

Basic Regulating Systems. The basic closed-loop regulating system 
is shown in P'ig. 103. The regulated (iiuintity is the end result and 
can be either electrical or mechanical in nature. For instance, the 
regulated (piantity can be the output voltage of a generator, the 
rotational speed of a sliaft, or the ]H)sition of a strip of material 
being j)rocessed. The regulating >ystem usually furnishes only a small 
portion of the total power involved, and this is often in the form 
of shunt-field excitation for a motor or generator. The regulated 
(piantity has some principal power source, and this, too, can be in 
the form of electric or mechanical power. 

The basic regulator has a source of power necessary to operate 
the regulating devices and to supply the control power for regulating 
imrposes. 

The reference can be mechanical, such as a calibrated spring, but 
the customaiT reference used is a known voltage. This reference 
voltage should be stable, and, where precise results are required, it 
is carefully regulated so it does not fluctuate with line voltage, load, 
and temperature clianges. A sufficiently accurate reference for most 
industrial-control applications can be obtained from a constant- 
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potential transformer. The reference is used to preselect the perform¬ 
ance level required of the regulated quantity. 

The signal-sensing device is a means of measuring the actual per- 
fonnance level of the regulated quantity. It must be capal)le of 
measuring the thing to be regulated and of producing a signal which 
bears a fixed relationship to the ineaMirement. The signal is usually 
a voltage that is ju’oportional to the level of the regulated quantity. 

The error-sensing system is that portion of the regulator where the 
comparison of the actual signal is made with the ]>re>elected reference. 



I'lCi. 103. BiiMC C'lo-cd-loop R(gulatiii« m. 

The reference rei)re>ents the wanted result, and the signal rei)resents 
the actual result. Any difference re>ulting from the compan>()n i-^ 
the error signal used to drive the amplifier system. Tlie polarity, 
or sense, of the error is in the direction to produce a correction tliat 
tends to reduce the error. 

The purpose of the amplifier is to enlarge the relatively weak signal 
from the sensing .'system to the j)ower levtd needed to control the ])er- 
formance of the regulated quantity effectively. The power gain in 
the amplifying system, which is the ratio of the r(*gulator output powi‘r 
to the signal power, is dictated by the sensitivity reciuired or, in other 
words, by the allowable error. The princi])al difference in regulating 
systems is in the tyjie of amplifier used. 

Circuits are usually employed which take off a portion of the 
amplifier output and feed it back into the inj)ut end or at .some 
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intermediate stage of the amplifier. If this feedback is additive, it is 
called regeneration, and, if subtractive, it is degeneration. In general, 
feedback is used to stabilize the system, and the usual arrangement 
is to feed back transients, rather than to use &teady-state feedback. 
Stabilizing circuits arc frecjuently called anti-hunt circuits, and their 
j)urj)o>e is to jirevent o^cillations of the regulated quantity. In 
tran>ient feedi)ack anti-hunt circuits, tlie sense of the transient is 
in op|K)-ition to the change taking i)lace in the amplifier output. 

Sensing Devices. As j^ointed out previously, the function of the 
sensing device is to measure the actual performance of the quantity 



that is being regulated. An axiom of the control industry is, “If you 
can measure it. you can control it." There are a great many devices 
that can be UM*d I’or this puipose, and some of the more (omnion 
ones are shown in Fig. 101. 

The simple>t device for convening mechanical motion into a signal 
is the rheostat, but because of the relatively short life of the sliding 
contact it has limitetl used. Signals from mechanical motions, and 
without o!)jectionable wear, can be obtained from variable-reactance 
devices. This type is shown in the ordinary coil and plunger form, 
where the imi)edance varies with plunger position, and the bipolar 
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reactor structure, where the impedance is varied by the introduction 
of an iron member between the poles. The mechanical motion is 
usually linear, but this is not a necessity. 

High level alternating-current signals can be obtained from me¬ 
chanical motions by using the variable-coupled tran.^former sending 
device. The primary’ and secondary coils can be stationary, and the 
mechanical motion varies the coupling between them by changing the 
magnetic path characteristics. The movable iron structure can l)e 
designed so that very little or no force^ are produced by tlie magnetic 
circuit, thus making it an extremely .^en^itive sending device that 
can be operated from delicate mechanical a})i)aratu'^. 

Signals from rotating device^ are usually jnoduced by small ta¬ 
chometer generators These generators are of the i)ermanent-nnmnet 
field type and have voltage outputs that are linear with the rotational 
speed, over a wide speed range. They are ii'-ed in both alttniating- 
and direct-cu*reiit ont] uts. The signal level obtained i*- relatively 
high and is advantageous where i>recise control of sj)eed i- a require¬ 
ment. 

Current regulators need signaK which are projiortional to the current 
flow in power circuits. In direct-current circuit'^, the signal e i^ 
produced across a resistor which carrie'^ the current being regulated 
This i-^ commonly used in tension ''y^teni'', and the re^^i^tor can i)e a 
winding of one of the electric machine^-, rather than an additioiail 
voltage drop introduced for thi'- jnirjio'-e alone The alternatiim- 
current sensing device u^e^ a current traii'-foniur having a re^'i'-toi 
load across its secondary terminal. The voltage e jiroduced acro^'- 
the resistor i< proportional to the load current. 

The phototube i-- u^ed as a variable re-*i^tor, to signal change'- in 
light falling upon it. Tliis '-ending device is used on positioning regu¬ 
lator equipment. The device or material to be jio^itioned cuts into 
or varies the beam of light that i'- directed on the pliototube, and 
the variable-resistance characteristic of the phototube acts as the 
signal to the sensing system. 

Error-sensing Systems. The function of the error-sensing system 
is to compare the signal from the sensing flevice with the ri‘f(Tence 
and to transmit the error to the input of the amplifying apparatu" 
The tw^o generally used methods are voltage com])arison and magnetic 
comparison. Each method ha.'s noticeable advantages and <lisadvan- 
tages w^hich must be taken into account when selecting one to use for 
a specific application. 

Voltage-comparison Circuit. In this circuit, the voltage signal from 
the sensing device is electrically coinjiared wdth the reference voltage, 
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and any difference voltage is directly applied to the regulator or 
amplifier input. In Fig. 105, the error voltage e is shown applied to 
a coil on a magnetic structure, but it can be applied to a field of a 
rotating regulator, or to a grid in the input stage of an electronic 
amplifier. 

The circuit makes efficient use of materials, especially where mag¬ 
netic structure^ are used in the amplifier input. All of the copper in 
the input winrling is active in producing ampere turns from the error 
voltage. The circuit is the most effective type to use for simple 
regulating systems where a single control or error voltage is employed. 


Amplifier 

input 



The principal disadvantage of the circuit is the necessity of making 
the reference circuit and the signal circuit electrically common. This 
m(‘an^ that the two circuit^ must be actually connected together, so 
that the voltage (•oiupari'^on can be accomplished. Some applications 
retpiire that additional signals be fed into the sensing system and 
enter into the comparison. The circuit does not lend itself readily 
to the U'^e of a multiplicity of signals, since these must also be made 
electrically common with the principal voltage comparison circuit. 
Sometimes, where a magnetic structure is involved in the input, an 
additional coil is used to feed in an isolated signal. Whatever signal 
i^ fed in, in this manner, is opposed by the voltage comparison circuit, 
witli the net result that the new signal biases the regulator and forces 
it to operate at a somewhat difterent error voltage. If the isolated 
signal were exceedingly strong, it might bias the regulator to some 
extreme value, which would result in damage to one of the coils because 
of coil heating. 

Magnetic Comparison Circuit It is necessary to use some form 
of magnetic structure in the regulator input stage if magnetic compari¬ 
son is to be used. This type of circuit is inherently present when 
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rotating regulators and inagnetic-ainplifier regulators are used. It 
can also be accomplished with an electronic regulator if a saturable 
core reactor or similar device is used for the ininit, but this is not 
usually done because of the time delay introduced by the saturable 
reactor. 

This circuit offers a great deal of flexibility because a variety of iso¬ 
lated signals can be introduceil through .'^ej^arate coil>. The signal sent 
in to the regulator from the sensing >y-‘tem i> the iv'^ult of tlie algebraic 
sum of the separate signals. In the circuit (Fig. 100> the reference 


Amplifier 

input 



is estal)lished from the reference voltage and, through tin' speed 'tetter, 
is connected to a coil on the maaneiic ^triicMm*. Tht* scn^ini: de¬ 
vice .*-hown is a tachonietiT g<‘nerator ii'-ed U) measure rotational 
speed, and it is connected to anotlau* coil. The design of tlie^- coil- 
is such that the ampere turn- l)alanc(‘ eafotluu* at any -teady—tate 
condition. In ojieration, the ampen turn- of the referenee cnil and 
the signal coil are in opiiosition to each other. Any din’ereiice in 
the am})ere turns of tlie.-e two coil- .-how.*- up a> re.-ultatit ampere 
turns which active on tlie magnetic structure and j>ruduce tla- 
error signal fed into the iiijiut of the regulator. Any number of addi¬ 
tional .-ignals can be fed in through i-olated coil circuits on tlie mag¬ 
netic structure, and the resultant ampere turn.- of all of the coil- i- 
the signal to the regulator. 

The principal disadvantage of the magn<*tic comparison cin-uit i- 
that it d(^js not use material efficiently in tlie injiut circuit. Tlie major 
portion of the refen-nce and signal energy is di-sipated in heating 
in the coils, rather than in producing efi'ectivc* ampere turn- in the 
input unit. This int-fficiency can he overcome by increa-^ing tin- size 
of the magnetic structure and coils of the input unit ajipreciably. 



REGULATING SYSTEM STABILITY 221 

Another method is to accept the performance obtained from a smaller 
magnetic input unit and regain the circuit amplification required by 
adding stages to the amplifying system. 

Regulating System Stability. The closed-loop regulator action 
sometimes tends to overshoot when making corrections and may set 
the system into oscillation about the desired value. Such oscillation 
or hunting is damped out l)y tlie use of stabilizing or anti-hunt circuits. 
The design of s\>tem stability into regulating systems is the most 
involved part of the entire problem. The problem goes beyond the 
regulator itself, including time constants of the electric machinery and 
mechanical inertia oi rotating elements in the electric machinery 
and the process machin(‘iy. M(*thods of calculation of stability prob¬ 
lems have been deriveil. but in all of them complete knowledge of 
the m(‘chanical and electrical factors external to the regulator is 
rerpiireil. References to published information on stability are listed 
at the en<l of thi> chapter. 

The designer is confronted by the time constants of all parts of the 
clo>ed-looi) regulating >ystem. In many cases, the time constant of 
the regulated (|uantity is large in relation to all other time constants 
in the loop. When this ratio is hirge, the problem of stabilizing the 
syst(‘m becomes easier. In general, the time constant of the regulator 
should l)e kept low, which, stated differently, means the regulator 
ri'spon.'-e should be fast. 

\\'ithin the regulator, the gain and response time, in combination, 
are important factors. Tlie regulator must have adjustments of suf- 
ticieiit range to adapt it to a Aariety of field aj^plications. When it is 
usi‘d wht*re high gain is nece-isary, the speed of response should also 
be high. 

Regulators usi*d for industrial-control applications usually have 
anti-hunt circuits that employ transient feedback signals. These feed- 
l)ack signals may be pi<‘ked up at the regulator output and fed back 
into the input, or they may feed back around just a portion of the 
amplifier. Traiisuait signals can be obtained from a direct-current 
output by fei'ding the output signals back through capacitors. The 
capacitors block out steady-state voltages but allow changes in voltage 
to be fed back. Another feedback method uses a transformer having 
its primaiy wimling (‘xcitetl from the output circuit. The transformer 
design must avoid saturation of the iron when excited from the maxi¬ 
mum output. Under steady-state conditions, there is no voltage 
indiu‘ed in the transformer secondaiy winding. However, when the 
regulator output changes, voltages are induced in the secondary and 
are feti back. 
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The sense of the transient feedback signals is in opposition to the 
change that is taking place. This damps out the tendency of the 
system to oscillate. The amount of the anti-hunt feedback signal is 
usually made adjustable. Typical anti-hunt circuits are shown in the 
following paragraphs which deal with complete regulating systems. 

Voltage Regulators. Automatic regulators are often used to main¬ 
tain the output voltage of generators and alternators within certain 
required limits, for industrial-control applications. The generating 
equipment used for power ]nirjioses in mills and factories is subjected 
to wide variations in loads and temperature, both of which can cause 
the voltage to fluctuate enough to be objectional)le. 

Frequently individual ])rocesses may require closely regulated gen¬ 
erator voltage, wliere an individual generator supi>lie> all or a portion 
of the process. Tyjncal examines are electroplating. >onie high- 
temperature ovens, high-cycle tools, automatic welding, and exf*itation 
generators used on con»‘nuou> i)roce»ing line>. Tlu‘ high-cycle alt(‘r- 
nators used to >upply hand tot)ls and for higli->p(‘e(l re>istance welding 
inherently have relatively jioor load regulation. Thi> impo>e> heavy 
duty on the regulating apjniratu^. often recpiiring that the alternator 
excitation currcjt be doubled to compen>ate for the >udden application 
of full load. The regulator re^pon^e muM be fa>t. to j)revent an 
objectionable dip in voltage when the load is a])plied. 

Mo^t indu>trial-control application> u>e relatively Miiall liiachine^, 
having excitation requirement> within the rating of legulator^, >o that 
the regulator.'- can control the generator fields- diivctly. Somt' larger 
generator> require auxiliary exciter>. and the leiiulctor^ ojH'rate in the 
shunt field.'- of the excit(‘r>. Doigners- })r(‘ftr to avoid auxiliary (‘x- 
citers-, becau.'-e tlicw put an additional tiim delay in the -y>tem. Thi'« 
has led to the develojmient of regulator> capable of handling large* 
kilowatt rating> of excitation j)ower. 

Speed Regulators. When i)reci-‘e control of rotational or liiu'ar 
speed is a process- requirement, an automatic speed regulator is U'-ed. 
Paper-making machine^ must operate at carefully regulated sp<*(*ds 
because speed variations r(‘>ult in variations of j)aper thickness. The 
speed of a strip of steel through a plating tank, where tin i« electro¬ 
plated on the strip, must be constant if tin* plating is to be uniform. 

The sensing device used is a tachometer generator, which is driven 
by the machine, and produce.'^ a voltage .signal that is proportional to 
the speed. The speed regulator is, in reality, a voltage regulator, and 
operates to hold the tachometer generator voltage constant at .some 
value determined by the desired speerl. The output of the regulator 
is fed into some element which is capable of changing the speed. Tins 
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element is usually the shunt field of the motor driving the machine 
or the shunt field of a generator that supplies power to the motor. 

When higli precision of control is required, a tachometer generator 
having relatively high volts jkt revolution is employed. The degree 
of precision, for a given regulator gain, is related to the ratio of the 
error voltage to the voltage level of the >en>ing device and reference. 
This makes it beneficial to operate at the highest tachometer voltage 
that is practical. Some proc(‘sses require that the si)ee(l be maintained 
con^tant to within a Miiall fraction of 1 per cent of the preselected 
value. 

Position Regulators. Moving strip^ of material, particularly in con- 
tinuou> proce>sing lii. s, sometime'- leciuire positioning regulators for 
proce^^ rea^on^ or to guide them laterally in pa^^-'ing through the 
machines. Some apj)lications. such as printing, reejuire precise co¬ 
ordination of a moving '-trip of material with the machine. This is 
sometimes called “register control,*' referring to the reciuirement that 
the material and the machine must operate in regi'-ter. Color printing, 
where several colors are applied, each in a sei)arate printing unit, 
re(|uires candul control of regi*-ter. Register control U'-ually employs 
marks or dots on the moving ^trip a^ the mea*-uring medium, and a 
light sy-tem with ])hotocelU takes regulating Mgnals from the register 
marks. The regulating ^y^tem operate-^ on souk mechanical means 
that is capable of shifting tin* ^trip to maintain the recpiired register. 

When a moving strip of material, under tension, must be guided 
laterally, the regulating signal is picked uj) at the eilge of the strip 
by means of a light and photocell system. The regulator can shift 
the strip by moving rolN over which it traveK. When the signal is 
taken from one e<lge of the •-trip, regulation i'^ about a point where 
the light beam is partially intercepted by the strip. Some systems 
Use a light beam at each edge of the strip, and the automatic regulator 
action kee])'^ the amount of intercept ot the two beams equal. 

Some proct's'-es recpiire a slack loop in the continuously moving 
strip of material. Certain cloth-fini'-'hing range*- handle the cloth in 
comiiletely relaxed form, \Ahich is attained by allowing it to hang 
freely in a festoon between process machines. In coating processes, 
such as pajier coating, the material is not allowed to ride on rolls until 
the surface coating has dried. The material may be supported on 
air jets and allowed to form a slack loop before entering the next 
]>rocess. Steel-mill process lines require slack-loop control at certain 
slitters, in process tanks and other places. 

When slack loops are used in continuous processing, the regulating 
problem involved is to synchronize the speed of one side of the loop 
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with that of the other side, to maintain the length of the loop constant. 
The sensing device must be able to measure the length of the loop 
and send an appropriate signal into the sensing ,'-ystem. If the strip 
is of magnetic material, a variable inductance or variable C()ui)led 
transformer can serve as the sensing device. In non-magnetic mate¬ 
rials, the sensing device is usually one or more photocell s>>tem.''. 



The regulator maintains the loop length in agreement with some pre¬ 
selected reference. 

A slack-loop regulating sy‘-tem is shown in elementary form in 
Fig. 107. The strip of material is fed up to the loop from a process. 
It can be fed from rolls or might fall naturally from a supi)orting 
system of air jets. The next motor-driven j)roce.^s in line pulls the 
material from the loop at a synchronized speed, so as to maintain 
the loop at substantially con.^tant length. The motor takes armatun* 
power from some source such as £, which is usually an adjustable- 
voltage system. 

It is advantageous to use a wide zone of regulation for the bottom 
of the loop, because this desensitizes the mechanical system, resulting 
in less tendency to hunt. Figure 107 establishes a wkh* regulation zone 
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by using four light sources and photocells. The combined effect of 
impedance change of the four photocells is the signal that is compared 
with the reference. The reference, in this case, selects the desired 
loop position in the light system. The output of the amplifier supplies 
excitation for the driving-motor shunt field. Any change in loop 
length changes the amount of light intercepted, resulting in a signal 
change from the j)hotocell>. The signal change is amplified and applies 
a correction to the motor shunt fieUl, in a direction tending to restore 
the j)reselecte(l loop length. 

Sometimes, the proce.ss or space available will not permit a deep 
loop or festoon as ilhi.'-trated in Fig. 107. A long shallow loop is a 
more critical mechanical .‘iystem than a deep loop and, for that reason. 
u>ually re(iuir(\< effective anti-hunt methods in order to obtain sta¬ 
bility. One such method is to measure speed changes with a tachometer 
geni‘rator, and feed the tran>ient tachometer voltage changes into the 
ami)lifH*r in flegenerative sense. A capacitor in the feedback circuit 
blocks out steady-state signals from the tachometer generator. A 
])otentiomet(*r across the tachometer output permits adjustment of the 
strength of the anti-hunt signal. This signal should be as small as 
]H)s>ible. to avoid objectionable interference with changes in the basic 
process si)ee<l. This type of feedback is j)articularly effective on 
applications where high mechanical inertias are involved and where 
there is a tendency to oscillate at low frequency. 

Constant-tension Regulation. Tong strips of material, such as paper, 
cloth. ste(*l, and others are usually wound at constant tension. This 
is important for handling and. in many cases, prevents damage of the 
mat(‘rial, both in handling and in storage. Considerable attention is 
given to holding the winding tension uniform all the way from the 
inner core to the outside diameter. Where the tension cannot be held 
uniform for one reason or another, it is customary to ta]>er it, the 
turns being somewhat tighter at the core than they are at the outside. 

The ti'iision systems employed are roughly classified as surface wind¬ 
ing and mandri‘l winding. Surface winders make use of winding drums 
which are driven so that their surface speed is the same as the linear 
speed of the material being processed. The roll of material is sup¬ 
ported in such a manner that it rests in contact with the winding drum, 
and the wimling effort is transmitted to the roll by the surface contact 
between the winding drum and the outside surface of the roll. Since 
the surface speed of the winding drum does not need to change as 
the roll diameter changes, and since the driving effort of the drum 
can be constant, the driving motor operates at constant torque and 
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constant speed for a g;iven linear speed of the strip. This type of 
winder does not usually require an autoinatic regulator. 

In mandrel winding, the mandrel on which the roll of material is 
wound is coupled to the driving motor. When a roll is started, the 
strip is usually secured to the mandrel, and tins firm connection ])ermits 
winding at much greater tension than can he obtained from surface 
winding. 

Basic Constant-tension Relations. In Fig. lOS, the striji of material 
is fed up to the reel from a ]>air of tension rolls. The.^e rolls can be 
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a portion of a jiroce-^.^ing machine, tlie only rerjuirement being that 
some macliine member mu>t have a firm grij) on the material to 
produce h^ck t(*n>ion, t-o the material can be wound at the <^e^ired 
tension. 

The reel motor i.^ directly coupled to the mandrel of th(‘ reel and 
is shown as receiving it.'- power from adju>table-voltage lines. The 
reel motor can have a separate adjustable-voltage system, but tlie 
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voltage applied to the motor should be proportional to the linear 
speed of the strip of material. 

Because the length of turn varies with the diameter of the roll, the 
speed of the reel motor must vary inversely with the diameter of 
the roll, if the linear speed of the strip is constant. For a tension P 
in pounds and a linear speed aS in feet per minute, the horsepower in 
the strip is 

Horsepow^^r =- 

33,000 


Since the horsepower is in no way reflated to the diameter of the roll, 
it follows that the reel drive is constant horsepower. 

The reel motor must be able to deliver constant-horsepower output 
to the reel over a speed range (letermined by the ratio of the outside 
diameter of the roll to the mandrel diameter. This requires an 
adjustabl(‘-s])ee<i const ant-horsepower rated motor. The speed range 
of the motor by shunt field control should be somewhat greater than 
tlu‘ diameti‘r ratio of the coil, to allow’ some range at each extreme 
for regulating luirjxw's. For in^^tance, a rpm constant- 

horsepower motor might be selected for winding a 4-foot-diameter roll 
on a 1-foot mandrel. 

AVith the con‘'tant-h()rse]H)wer output, the reel-motor pow’er input 
III is also constant, 'fhe Vi>hage E is fixed by the linear speed of the 
proct‘ss. so the prtMluct El can he lield constant for constant tension 
by remilatina I to a c(»ii^tant value. 

The motor tonpie must vary directly w’ith the diameter of the roll, 
and this relatioii'-hip is 

PD 

Motor tonpie = FI 


where D is the diameter of tlie roll. 
A'l is a motor design constant. 
F is llie motor field flux. 


Also, 


Motor speed = 


N ^ E 

— = Ko — 
irD F 


where A\» is a motor design constant. 


The adjustable-sj)ee<l motor iH'rformance for mandrel winding is 
show’ll by Fig. KHh The horsepower and annature input w’atts are 
held constant by holding the armature amperes constant. The motor 
flux must var>' directly with the roll diameter. The motor torque and 
speed can be kept in the proper relation for constant tension by simply 
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changing the motor field flux as the diameter of the roll changes. If 
the armature current I is to be a direct indication of tension, the 
following are the requirements: 

1. The linear sjwd changes of the strip must be made by changing 
the applied voltage E. 

2. Tension adjustments must be made by adjusting the motor arma¬ 
ture current I, The regulator then maintains the })reset value of 7. 



3. Motor speed variation with change in roll <liameter mu-t be 
accomplishr«5 Oy motor field-flux variation. The important point here 
is that for each increm(*nt of roll diameter there is a valm* of motor 
field flux that is ind(‘pendent of the linear .-p(‘e<l setting and substan¬ 
tially imlependent of the tension setting. 

Constant-tension Control System. As shown in Fig. l().s, the (*u-'- 
tomary constant-tension system makes use of an atitomatic regulator 
to supply the shunt field excitali<ai of the reel motor. The teii'^ion- 
setting device usually oj)erates from constant-voltage direct-current 
lines. It preset.s the desired temsion by .‘-electing a reference voltage 
which is fed into the sensing system of the regulator. The r(*gulating 
signal e is produced by a voltage drop which is jiroportional to the 
reel-motor anuature current 7. In the sensing systeiti, any difference 
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between the .signal and reference voltage shows up as an error, which 
is fed into the amplifier system and results in a correction of the shunt 
field current of the reel motor. 

Assuming stable operation at the desired tension, the regulator action 
responds to the signal voltage e with the material being wound at 
constant linear speed and the roll getting steadily larger in diameter. 
As the roll diameter tend< to increase, the motor momentarily tries 
to drive the roll faster than refpiired and, in so doing, tends to take 
a slightly gr(‘ater armature '‘urren^. This increases the signal voltage 
e fed into the sending system and sends an error signal into the 
amplifier calling for ’iiore shunt field excitation. This greater field 
flux tends to slow (lov\w the motor and to increase its torque, in keeping 
with the increase in roll diameter. Thus, by holding the armature 
current constant, the r(‘gulator varies the motor flux and keeps the 
motor speed and torrjue in a proper balance with the roll diameter 
at all tim(‘s, tluTeby jirorhicing constant tension. 

Tlie fon'gointr discussion assumes constant linear speed operation. 
When tlie linear speed ol the material is changed during the winding 
oi)eration, the horsepower input to the reel must be changed, to com¬ 
pensate for mecliani(‘al inertia effects. During process speed accelera¬ 
tion, the motor must be allowed to take more armature current than 
the value neediMl for the dt'sired tension, to supply the horsepower for 
acceleration. Tlie reverse coiidition is true for deceleration, and the 
system must la* made to operate at lower than the armature current 
needed for constant tnision. The usual method employed is to have 
sonu* form of bias that can be fe<l into the regulator, which can add 
to or subtract from the refertmee. to produce a fixed increment of 
armature current for WH- compensation. In Fig. lOS, the WR- com¬ 
pensation signal is fed into the sensing system, and its i)olarity is 
reversilile i>y means o{ the increase and decrease relay contacts of the 
a.'-.sociatetl control. 

Figure Ws illu.strates a constant-tension winder taking material from 
a proce.ss. It is .sometimes necessary to feed material, at constant 
tension, into a proce.ss. This is referred to as •‘unwinding" or “payoff." 

During unwinding, the proce.ss pulls the material from the roll. The 
unwind motor operates as a generator and generates power into the 
adjustable-voltage .system, ("onstant tension holdback is obtained by 
legulating constant current in the unwind motor armature. The control 
eciuipment is much the same as is used for winders. However, since 
generating action, rather than motoring action, is controlled, the sense 
of the amplifier out|)ut and the judarity of the WR- compensation 
signals are the rever.se of the winder reijuirement. 
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Solenoid-operated Regulators. In this general classification are 
included those regulators wliich convert electric signals into mechanical 
motions, the motions being capable of changing the electric charac¬ 
teristics of circuits of the controlled machines. 

The reference is usually mechanical and in the form of a spring 
and linkages, which, in combination, provide a fixed mechanical l)ias 
for the comj^lete throw of the regulator mechanism. The signal is a 
voltage from the regulated quantity. This signal voltage furnislies 
the power to operate a solenoid having a movable plunger. The solenoid 
pull on the plunger balances the jHill of the reference si)ring when 
the regulator is in operation. Tlie solenoid is designed for a pull 
characteristic to match the reference s])ring characteristic, so that a 
small change in solenoid ampere turns can swing the regulator over 
its entire range. The solenoids usually have straight-line plunger 
motions, but some regulators use rotary-motion solenoids or torejue 
motors to set up the opt rating forces. 

The precision of this type of regulator is intimately related to the 
efficiency of tlie mechanical system emj)loyed to translate the sensing 
signal into a regulating quantity. The regulators built by the differtait 
manufacturers iifler mainly in the types of nu‘chanical motions used, 
to eliminate :riction and to einjiloy tlu' Mrnal forc'e^ to the be^t ad¬ 
vantage. The anti-hunting means is aKo mechanical and 0 |>(‘rates 
to damj) oscillations of the mechanical svsten:. 

The control oiitjuit of tlii^ type of regulator is a variable resistor 
or rheostat, which i^ connected in serie-. with a ''hunt field of the 
machine to be regulated, so that it can aiitoiiiatically clianm* the 
machine excitation. Regulator.< differ in tlu t>p< of variable r(‘sivt()i 
or rheostat oiitimt mechanisms used. Soine use carbon-pile resistors, 
while others use tai)ped fixed resistors with almost frictionless com¬ 
mutating elements. 

Typical of this cla.<s is tlu^ Allis-CMiahners rocking contact regulator 
(Fig. 110). The output variable resistor is the tai)|)ed type, with the 
taps connected to segments. Th(*se segments are arrangc‘d in the form 
of a sector of a circle. The photo sliows a two-sector regulator, one 
sector at each sirh* of tlie rlevice. The commutating elenuait for each 
sector is a rocking contact, which is formed at a somewhat smaller 
radius th.an the stationarj' sector. An extreiiK'ly small amount of 
work is required to roll the rocking contact over the sector to com¬ 
mutate the output resistor. 

The operating solenoid is shown at the upper right portion of the 
mechanism. The diagonally mounted spring oppovses the solenoid and 
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is the reference. The black cylinder, which partially covers the left- 
hand sector, is the air dashpot asied for anti-hunting. A piston inside 
the cylinder forces air through a re^tricted passage and damps out 
any tendency of the mechanism to oscillate. 

Figure 111 shows, in simidificd form, the rocking contact regulator 
connected to maintain constant the output voltage of a self-excited 
direct-current generator. The generator output voltage is the signal 
ai)plicd to the solenoid coil. The pull of the solenoid is opposed by 
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the reference siuins. iinil any re'Ulting motion rocks the contact sector. 
Tlie jilunger system traii'inits motion to tlie da'hpot piston through 
an elastic lueinher. This pennits fast initial corrections, but its 
damiiing action tends to limit the amount of regulator movement 
for a given di'turliance. 

If the generator output voltage drops for any reason, the pull of 
the .solenoid decreases soiiiew hat. allow ing the spring to pull the plunger 
down and rocking the contact sector downward. The contact sector 
commutates the resistor in the direction to reduce the resistance in 
the shunt field circuit. The increased field excitation restores the gen¬ 
erator output voltage to the preselected value. The voltage-adjusting 
rheostat is connected in the signal circuit, in series with the solenoid 
coil. Inserting resistance in this rheostat retiuires an increase in 
generator voltage, to supply the necessary solenoid ampere turns to 
balance the regulator. 
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Rotating Regulators. Under this general classification are several 
specific types, which differ in the detailed princij'yle of operation of 
the amplifying elements. They are alike in the broad sense that the 
amplifying elements are rotating direct-current electric machines. 
These rotating amplifiers, or generators, are usually driven from the 
alternating-current power lines by induction motors. The reference 



Fig. 111. Sol(d Rcjrul.itoi C\>ini(><trd Maiiit.nn C'nnMant 

on a Ci<n(iator. 

and .--ignal power i^ apjdied to low-entagy shunt-field winding'^, and 
The amjiliiying generat<»r armature outjmt i^^ tin* r(*gulat()r output UM‘d 
for control })urpOM‘s. The power gain i^ the slope of the curve of 
regulator output watt^ plotted against signal \^atts. 

The differences in the amplifying generators .-oM under variou- trade 
names are, in general, in the circuits employed to increase the power 
gain. Sjiecial attention, in all case>. i.*^ given to obtaining fa^^t rates 
of response, becaiw the regulator-* must have low time constants in 
order to give stable operation in many applications. One method 
of getting high gain from a dir(*ct-current generator is to supply most 
of its excitation from a self-excited fiehl circuit, whose resi.'-tance is 
adjusted to the critical value that just allows excitation to Ik* suj>- 
ported. Low power signals, applied to other fields on the generator, 
can then readily change tlie generator outjiut over its entire range. 
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Another method ib to operate two direct-current generators in tw’o 
stages TIr^-c can lie built a*- two ^tage** in one machine, or m two 
machine'-. 

It 1 ^ not witliin the intended ^cope of thi'- treatment to go into a 
detaik‘d dc'-cription of each ol the tyjie'- of rotating regulators. The 
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'-epaiaieh ivited lotating legulator. known as the Reliance VSA, is 
'^elected to lepie-ent thi- aroup. becau-e its circuits are similar to 
thoH' of con\entional machines It a two-stace amplifier, consisting 
of two separately excited direct-current generators that are driven at 
constant speed by an induction motor. Figure 112 shows one of these 
regulator^, eomi>lete with its control devices, mounted as a packaged 
unit in an eiiclo'^ure One generator is direct coupled to the induction 
motor, and the other is belt-driven from it. 
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A simplified circuit of this regulator is shown in Fig. 113, where it 
acts to maintain the speed of a motor constant at some preset value. 
The motor takes it^ armature power from a direct-current adjustahle- 
voltage generator, and its field is excited from constant-voltage lines. 
The shunt field of the adjustable-voltage generator receives its excita¬ 
tion from the regulator output. Tlie sensing device is a tachometer 


Adjustable-voltage system 



generator, which is driven by the contmlb i motor. Tlie sjK-ed selector 
furnWies a reference taken from a rellal>le reierenee voltage source. 

The amplifying generators are driven by tlie alternating-current 
motor, and, therefore, the principal junver*involved within the regulator 
comes from tUv altt mating-current lines. The input stage i*- generator 
VSAl, and it is fitted with a num))er of shunt-fi(‘ld coils. These .'-hunt- 
field coils, who.'-e anipen turns combine alg(‘braically to excite the 
machine, are the sensing system of the regulator. When u-^ed in this 
form they operate as a magnetic comparison system. 

The speed setter determines the speed level l)y presetting the 
rcfereiict-fitld ampere turns. The sense of the reference fiehl is to 
increase the regulator output. Tliis .strengthens the adjustabU-voltage 
generator field, raise'- its aniiature voltage, and increases the s|»eed 
of the controlled motor. The reference field operates in opposition 
to the signal field. 
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The signal field takes its signal from the tachometer generator. 
Wlien oi)erating normally, the ampere-turns of the signal and reference 
field just about balance, and any small difference is the error that is 
ainjilified through the regulator. The .«?teady-state operating point is 
automatically attained when the net difference ampere turns just pro¬ 
duce the recjuired regulator output. 

The voltage j)roduc(*d at the armature of the input unit, VSAl, as 
a result of the error ampere turns, is ai)])lied to the shunt field of the 
second >tage generator, VSAi:. The armature output of VSA2 furnishes 
the shunt-fiehl excitation for the aflju>table-voltage generator. The 
generator furnishes power for the controlled motor and thus completes 
the clo>ed-loop regulating .‘'y>tem. 

The anti-hunt field in Fig. 113 is connected to feed transients from 
the regulator ()ut|)ut, back into the input. The capacitor C prevents 
Steady-state firdback. The >en^e of the anti-hunt field is always in 
opposition to the cliange taking jtlace. 

Rotating regulatoi^ have advantages that, to a considerable degree, 
determine where they are u>ed in preference to other types. They 
<*an readily l>e l)uilt in large kilowatt ratings, are rugged, and are 
.'serviced much th(‘ >ame a> any rotating electric machinerj". This 
adapt-* them for u^e with large mill machinery, where rugged apparatus 
i> wantcil and where service t('chni(iues are similar tu those of existing 
apparatu>. A further advantage i> the ability of the regulator output 
polarity to revert'. De-'igner-* make u>e of this feature in forcing 
the field-* handled by regulators and particularly w’hen thev w’ant to 
kill the fiehU rapidly. 

Electronic Regulator. Fleet ronic regulators einjiloy vacuum and 
gaseous tubes to amplify error signals to the power levels required to 
control industry’s machine'-. While these regulators have the disad¬ 
vantage of u>ing (anuponents having unpredictable life, w hen compared 
with other tyi)es, they lia\t‘ many advantages of superior performance. 

The error signal, set up in the sensing system, is applied to a grid 
circuit of a high-vacuum tube in the input stage. The input tube 
characteristic retpiircs very low' signal iH)W'er. w'hich enables the regu¬ 
lator to operate from low-energy signals. The sigmd input can be 
from a high-impe<lance circuit. Stages of amplification are used as 
reciuired to get the necessar\ overall gain ft)r the application. 

Tlie outinit stage usually uses Thyratron tubes connected in single¬ 
phase or i)olyphase circuits, supplying direct current for motor- 
armature or shunt-field circuits. A wide range of output kilow’att 
ratings is avtiilable because of the wide selection of Thyratrons avail¬ 
able and the various circuit connections that are used. 
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These regulators can have extremely low time constants because the 
electronic oomiionents arc inherently fast. The low-energy grid circuits 
can be designed for high rates of response. When moderate rates of 
response are required, saturable-core reactors are used in i)hase-shift 
circuits to control the output Thyratrons. When extremely fast regu¬ 
lator action is required, other pliase-shift circuits are used that elimi¬ 
nate the time constant of the saturable-core reactor. 

Much material has been published on electronic regulators, giving 
theory and circuit details. This discussion is limited to a brief 
treatment of regulator types. 

Figure 114 shows simplified circuit elements of an electronic speed 
regulator. In thir system, the regulator output is the power Mip]fiy 
for the annature of the controlled motor. The motor field i> excited 
at constant voltage from a full-wave rectifier ST. The sensing device 
is a ta».hometer generatoi which is driven by the motor. The reference 
voltage supply is from rectifier 2T. It i- held relatively constant by 
the action of the voitage regulating tube VR. 

The reference is established by the speed-setter potentiometer, whieli 
selects a portion of the reference voltage for coinjiari^on ]nirpo'-(‘'«. In 
the “voltage-comparison*' sensing system, the tachometer signal voltage 
is compared with the reference, and the error voltage is applied to 
the grid of the input tube IT. The input tube shown is a duotriode. 
This tube has two identical load circuit'^ and is connected acros'- the 
regulated reference voltage. The output of the first stage i** d(‘termine<l 
by the difference of conduction of tlie two halves of the duotriode. 
This difference establishes a voltage dro}) on the saturating winding 
of the saturable-core reactor SR through a blocking rectifier which 
makes the circuit unidirectional. 

The alternating-current winding of SR is a variable impculance in 
one leg of a phase-shift bridge, supplied with j)ow(*r from a s(‘Condary 
of transformer IPT. This bridge controls the grid to anode-volt age 
phase relationshij) of the Thyratrons, 4T and oT, by jfiiase shifting the 
primary of tlie grid transformer, 2PT. 

The saturating winding of SR, through the phase-shift system, can 
regulate the conduction of the Thyratrons, 4T and oT, and, thereby, 
the average voltage supplied to the motor armature. 

The sense oi the reference is to turn on the Thyratrons and increase 
the speed. The sense of the tachometer signal is to cut off the Thyra¬ 
trons. Under steady-slate operation, the error voltage is *]us\ sufficient 
to produce the proper armature voltage to produce a tachometer signal 
that is just right to sustain the error. The magnitude of the error 
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is directly related to the system gain. In practice, the circuit of Fig. 
114 n)ight have one or more intermediate stages, between the input 
and outjnit .«tages, to obtain incrca-^ed regulator gain. 

The anti-hunt system cmploycfl is a transient-voltage feedback 
from the motor annature circuit. This transient signal is fed, through 


A-c supply 



y Sensing Input Transient 

_ system stage feedback 

Fio. 114. Electronic Speed-reguLiting System. 


capticitor C, to the second control grid of the input tube, as shown. 
T\te sense of t\te transient feedback is to send a signal through the 
reguliitoi-, opposing the chtinge that produced the transient. 

An electronic regulator built to the requirements of mill-type control, 
is sliown in Fig. I In. Tltis uses industrial-type components, w’ith 
special care given to aderiuate electrical creepage and clearance dis¬ 
tances. 'Fhe upper panel mounts the three Thyratrons which oiieratc 
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Fig 115 Elodionu Regulator Assernbh, Con^tiuded to Meet He i\\-<lut\ 

Mill Requirements 
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in the three-phase power-supply circuit of the regulator. Directly 
below the Thyratron panel is the amplifier panel. The circuits of this 
panel can he disconnected by use of the plug connectors showm. The 
amplifier panel can then be removed for inspection and ser\icing. 
The operating conditions are indicated by the instruments. The re¬ 
mainder of the panel devices consist of a removable direct-current 
supply panel, constant-voltage transformer, anode transformer, and 
miscellaneous contactors and relays. The wiring, on the back of the 
panels, is formed and cleattd dowa, much like industrial practice for 
magnetic device^. 

Electronic regulators meet requirements for some applications that 
would be extremely (iifficult to meet with other types of regulators. 
They can operate from veiy weak signals. They can be built for high 
gain and fa^t rate^ of res])onse, which, in combination, enable them 
to regulate to more jirecision than can be done with other types. They 
are flexible and lend themselves readily to unusual circuit require¬ 
ments. 

Magnetic-amplifier Regulator. Regulators which use saturable re- 
actor> for power ami)lification are generally called magnetic-amplifier 
regulators. The u>e of >atui'able reactors as power amidifiers is quite 
old. Becau>e of >ome >eriou> performance limitations, they were not 
widely ii>ed, exce|)t in applicati(»ns such as theater dimmers. 

With the development of improved core materials and improvements 
in selenium rectifier’s, a new field of development and application of 
satui’able rea(‘tor*s opened uj). The core materials of nickel-iron alloys 
are imt tlii'ough siiecial ]irocessing which jiroduce low ampere-tum 
recjuirements for saturation. Low magnetizing-force requirements pro¬ 
duce stet‘}> ^atul•ation curves and greater amplification. Selenium- 
rectifier development lias stabilized the characteristics of the disks, 
increased the voltage ratings of the disks, and reduced the back current. 
These factors have combined to step up the performance of saturable 
I’eactoi’s and to reduce their cost. 

The real advanc(‘ment in the use of saturable reactors as regulating 
system amplifiers was made possible by the discovery of the principle 
of self-saturation in reactors in 193(). About ten years later the idea 
of magnetic-amplifier regulators suddenly caught the fancy of devel¬ 
opment people, and steady progress began at once. The following 
liaragraphs will discuss, briefly, the basic principles and applications 
of magnetic-amplifier regulators. 

Saturable Reactor. A saturable reactor consists of a closed iron 
magnetic structure, on which are mounted one or more load windings 
and one or more control windings. The load windings act as an 
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impedance in the alternating-current circuit to be controlled. The 
control windings arc usually operated from ilirect current. By varying 
the current in the control windings, the degree of saturation of the 
core is varied, and the inii)edance of the load coils to the flow of 
alternating current is varied. 

Maximum impedance and minimum load current are obtained when 
the control current is zero. For this condition, the core o])enites in 
the unsaturated region, and the load current i> very nearly the saturat¬ 
ing current of the reactor. If a direct voltage i> apjAied to the control 
coils, the core will reach >aturation for a iH)rtion of the alternating- 
current cycle and permit increa>ed load current to flow. Maxinuiin 
load current is obtained wlien the amixae turn^ duv to the control 
windings are sufficient to keep the core >aturated during the entire 
alternating-current cycle. 

A saturable-rea^'tor circuit and tyi)ical ]U‘rfonnance cliaract(‘ri-‘tic'- 
are shown m I ig. lit*. The load coil> L are on the outride leg- of a 
three-legged core structure. The control coil (’ i- niount(‘(l on the 
center leg. The load coil- have ecpial ampere-turn elbvt and are 
^o connected that the alternating-current flux, dut* to the.-e coil.-, 
cancel^ out i\ the center leg and doe- not induce alternating voltage- 
of fundamental fre(|uency in the control coil. The load coil- are 
connected in parallel and are in -(*rie- witli a full-wave rectiticr aero— 
the alternating-current .-upi)ly. The output of the rectifur .-upplie- 
direct current to the load. 

The >imj)le-t form i- without coil FB and with the outinit of the 
rectifier connected to the load a> indicat(*d l)y the d(»tt(Ml connection. 
This arrangement ])roduce> th(‘ -ymmt‘tricid V curve of outimt load 
ampere,- j)lotted again-t contiol ampeo turn-, a- indi<*ated by the 
dotted curve of Fig. lib. Tlii- ciir\e bring- out two -ignificaiit 
di>advantage> of the <levice. Fir-t, there i- the relatively low gain 
or amplification. indicated by the >lope of the .-traight-line jK)rtion 
of the curve. Second, the device doe- not di.M-riminate l)etween ])o.-itive 
and negative control, making it u-ually nece—ary to employ auxiliary 
means to avoid reversal of control. 

The gain can be substantially increased liy the us(* of positive 
feedback. A feedlmck coil, .-uch a.- FB, is connectefi .-o a.- to carry all, 
or a portion ol, the load current, and tin* polarity such that its ampere 
turns arc cumulativ(* with tho.-e of coil (\ The performance i- shown 
by the solid curve, the V curve being tipjK'd over to a degree, dettu*- 
mined by the ixTcentage of tlu* load current that is fed back. The high 
gain slope results when the feedback is positive* and low gain on the 
opi)ositc side when coils U and FB are in o])position. 
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The saturable-reactor circuit of Fig. 116 relies entirely on the 
ampere turns on the center leg to saturate the core. These ampere 
turns are additive with the load-coil ampere turns during the positive 
half cycle and differential with them during the negative half cycle 
of the alternating Mii)ply. Thi< re(iuires, then, that the ampere turns 
on the center leg mu>t ecpial the total of the load-coil ampere turns, 
plu> the ami)ere turns necessary to saturate the core. The requirement 




I'k, lit) Simple Satur:il)l(' Rt'actor. 

for larm‘ control adds to the physical size of the structure and. 
therefore, to the cost. The large control coils also have an unfavorable 
L li ratio when con-^ideri'd in relation lo the low time constants re- 
(juireil of regulating e(iuij)ment. Tlie application of this type of device 
to regulating systems has been limited because of its low power gain, 
its slow ratt‘s of response, and its cost. 

Self-saturable Reactor. The self-saturable reactor has, to a great 
extent, overcome the inherent disadvantages of the saturable reactor 
described abovt‘. Its name comes from the fact that the load coils, 
by the very nature of the connection of the circuit, provide 100 per 
cent feedback and assist in saturating the core. The control-coil 
ampere turns and watts can be relatively low. 

A simple n\actor circuit, along with performance graphs, is shown 
in Fig. 117 to explain the principle of self-saturation in saturable-core 
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reactors. The load is supplied with power from the alternating-current 
lines through a winding on the reactor and a half-wave rectifier. The 
series connection of the reactor load coil and a rectifier, limiting the 
load coil to unidirectional current, is the basic difference between 



self-saturation and the previous type. The control coil T i> connected 
to a direct-current source in a manner enabling the magnitutle and 
polarity of the control current to l)e varied. 

The magnetization curv^e of the core material, plotted between 
ampere turns and flux density, is shown in Fig. 117, For simplicity 
of explanation, the curve selected has a ver>" narrow hysteresis loop 
and a sharp break at saturation. While this is somewhat idealized, 
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it is similar to that obtained with certain grain-oriented magnetic 
materials. The plots of time against flux density and time against 
volts further explain the action that takes place in the circuit. 

Assume that at zero time the core is excited to point 1 by the 
ai)plication of positive ampere turns in the control coil. As the line 
voltage rises, it appears almost entirely as voltage drop across the 
reactor load coil. The load voltage is small, being only that drop in 
the load itself, due to the alternating-current exciting current. This 
continues as long as the core is rnsaturated and is still capable of 
storing flux. At point a the core saturates—it can no longer store 
flux, and tlie load coil impedance <lro})s sharply to a low value. This 
re>ults in an abrupt rise of the voltage across the load at a^, and for 
the remainder of the half cycle most of the line voltage is applied to 
the load. 

If at the beginning of the half cycle the core is preconditioned to 
point d by the ap|)lication of negative-control-coil ampere turns, core 
saturation occurs later in tin* half cycle at point r. The transfer of 
line voltage from the reactor load coil to the load occurs at c^, and 
the nils loa<i voltage w con>iderably les> than it was when the transfer 
was at point uL In this exami)le point b’ produces about one-half of 
maximum load voltage an<l ixMilts from zero ampere turns from the 
control coil. Minimum load voltage is obtained oy preconditioning 
tin- core far enough negative so it will not saturate in the positive 
<lirt‘ction at all. Maximum load voltage is obtained by the application 
of s\ifticient pcj^iiive-control ampere turns to produce saturation at the 
start of the line-voltage half cycle. From the above it is seen that 
these reactor^ art' turned on and off in much the same fashion as 
Thyratron> an‘ pha>etl on and olT in electronic circuits. 

Bridge-output Self-saturable Reactor. The principle of self-satura¬ 
tion can be utiliz(Ml in circuits having either direct-current or alter¬ 
nating-current load output. Direct-current output circuits are usually 
Used for industrial-control regulators because the regulator load circuit 
is Usually a shunt field. A typical single-phase input connection is 
shown in Fig. 1 IS. Along with it is a typical performance cur\'e plotted 
betw(*c‘n control-coil ampere turns and the load-circuit amperes. 

In Fig. IIS it is noted that each load winding has a rectifier in series 
with it. These are so connected that the windings have unidirectional 
current through them and each conducts on alternate half cycles. 
Additional rectifiers complete the bridge circuit so that the load current 
is rectified full wave. The performance curve, for a definite value of 
applied voltage and a definite value of load resistance, is shown in 
typical form. By converting the scales to watts, the power gain is 
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directly indicated, and the slope represents the amplification. Power 
gains of 15,000 or more in single stages arc possible with the materials 
usually used for industrial control, but such gains are never actually 
used because they occur at prohibitively long time constants. The 
power gain is the ratio of the load watts to the control-coil watts. 
The units are usually desensitized to gains of 50 to 1000 in order to 
obtain high rates of response. Sometimes bias windings are added 
to the control leg of the reactor to shift the performance curve to the 



right or left, relative to zero-control ampere This is usually 

done to pennit unidirectional control i)ower but may be to i)reselect 
the operating point on tlie curve. Maximum gain is usually near the 
central part of tlie curve. 

Self-saturable Reactor Performance. The loa(l-outi)ut perfoniuince 
cur\’e of the self-saturable reactor shifts vertically with changes in 
the applied line voltage. Increasing the line voltage increases tlie 
output. The line-voltage fluctuation should be within the limits set 
by the manufacturer if projier performance is to be obtained. 

The efficient use of self-saturable reactors retjuires matching the load 
resistance to the reactors. Figure 119 shows output amperes plotted 
against control ampere turns for two values of load resistance. If the 
unit is to be rated for continuous duty, the load resistance selected 
will limit the reactor temperature to tlie allowable rise. The necessity 
for load-circuit matching is not a serious drawback because the load 
circuits usually have extra resistance connected in them to reduce the 
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time constants, and this resistance can be adjusted somewhat to get 
tlie desired condition. 

The response time of the self-saturable reactor is usually expressed 
as the time required to obtain 63 per cent of an ultimate change in 
output. It is expressed in cycles or seconds. A response-time curve 
for a small reactor is shown in Fig. 119, where the response time is 
plotted against control-coil watts. The respon.^e time is predominately 
a function of the L/R ratio of the control-coil circuit, and this ratio 
can be made low economically, because the principle of self-saturation 
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reciuires veiy little control energy. Time delay in the load windings 
is negligible because changes take place within the one-half cycle the 
winding is active. In Fig. 119 a 4-cycle 63 per cent response is 
obtained with 0.004 watt of control. In order to reduce the response 
time to 2 cycles, resistance is added in series with the control coil, 
sufficient to increase the control-circuit power to 0.016 watt. Increas¬ 
ing the control watts fourfold reduces the response time one-half in 
this example. Response times of 1^4 to 2 cycles are usually used for 
the different stages of industrial control regulators. 

Multistage Magnetic-amplifier Regulator. Saturable-core reactors, 
employing self-saturation circuits, can readily be cascaded to obtain 
the required overall gain. Along with this gain, it is also necessary 
to design for some predetermined regulator time constant. With 
increased system sensitivity, the rate of regulator response must also 
be increased, if system stability is to be realized. 

The designer starts with known perfonnance requirements and, from 
these, determines the type and amount of equipment needed to do the 
job. The required accuracy is usually expressed in the per cent permis¬ 
sible deviation from the p»*<'set quantity. The deviation, or error, must 
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be related to the amount and nature of the disturbance which causes 
the error. For instance, a generator voltage regulator might be per¬ 
mitted a steady-state error of 1 per cent, when operating at rated 
voltage, for a load change from no. load to full load. A further part 
of the specification might permit a 5 per cent transient change in 
voltage, with recover^’ to within the 1 per cent band within 10 cycles, 
upon sudden application or removal of full load. 

In the discussion of constant-tension regulation, it was pointed out 
that the regulator changes the motor shunt-field flux to compensate 
for diameter changes of the roll being wound. In winding from emj)ty 
mandrel to full roll, the regulator must swing the motor shunt-field 
voltage through its entire range, and this is indeixmdent of the linear 
speed of the strip. The permitted error must swing the regulator 
output as much as 10 »o 1, for certain wide-speed-range winder motors. 
This illustrates the need to relate tlie error to the performance require¬ 
ments of the application, to comidetely define accuracy. 

The tension system in Fig, 120 u^es a three-stage magnetic-amplifier 
regulator. The maximum roll-diameter change ratio is 3T, and the 
adjustable-speed constant-horsepower-rated driving motor selected has 
a shunt-field control speed range of 4/1. In comjiensating for changes 
in roll diameter, the regulator must vary the motor >hunt field over 
a range of 250/50 volts, for the 4 1 speed range. Constant tension 
throughout the coil is obtained by regulating the motor armature 
current to a preselected constant value. 

The three magnetic amplifiers are ca^caded in the order of input, 
intermediate, and out])ut stages. Only the essential control-coil circuits 
are shown for each stage. It is undei>tood that each stage has load-coil 
windings and the associated rt^ctifiers that combine into self-satural)le 
reactor circuits, operating from some alternating-current input. The 
output of the first stage supplies the control power for coil 20 of the 
intermediate stage. The output of the intermediate stage supplies 
the control power for coil 30 of the output stage. The pow’er from 
the output stage supplies the winder-motor shunt-field excitation. 

The power amplification, in progression through the stages, is illus¬ 
trated by the performance curves. In each case, the.se are [>lotte(l 
betw’een control-coil ampere turns and output watts of the unit in¬ 
volved. On these curves is indicated the aj)proxiinate excursion, or 
portion of curv’e used, necessary to produce the steady-state swing 
of 250/50 volts of the motor shunt field. The ratio of the output-w'atts 
excursion to the control-w'atts excursion is the pow'er gain of the stage. 
The ratio of the output-stage output-watts excursion to the input-stage 
control-watts excursion is the regulator power gain. 



Tension 



Fmj. 120. Throo-wtiiK<' MaKnotic-tiinplifior Regulator. 
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The bias coils receive their power from the direct-current reference 
voltage lines. Bias coil IJS of the input stage is, in this case, the 
reference of a magnetic comparison system. It is connected to a 
potentiometer rheostat which is used to preselect the desired tension. 
Coils 2B and 3B, in the intermediate and output stages, apply a fixed 
bias. By means of this bias, the stage can be made to operate on 
the most desirable portion of its performance curve. The bias shifts 
the cur\"e to the right or left with reference to the zero-control ampere- 
turn point. With proper adjustment, the need for reversal of the 
control-coil ampere turns, to control the device over its entire outjiut 
range, is eliminated. The bias coils nonnally operate with appreciable 
resistance in senes with them, to avoid time delays caused by their 
inductance. 

It was pointed out previously that the power gain of a particular 
magnetic amplifier is dependent upon the rate of response needed. 
The response time is adjusted by adjusting the control watts. This 
adjustment is made with a resistance in the control-coil circuit. In 
Fig. 120 the response time selected for 63 per cent response of the 
intermediate stage is 2 cycles. A tyi)ical unit for this purpose might 
have a powc- gain of as much as 10,000. if operated without resistance 
in its control-coil circuit. However, at that high gain, the response 
time might be 50 cycles. The speed of response is increased by adding 
resistor 2i? in series with coil 2C. When adjusted for 2 cycles response 
time, the actual power gain realized in the intermediate stage might 
be about 250. For a typical case, the resistance of 2R w'ould l)e nine 
or ten times the resistance of coil 2C, 

The sensing device is a resistor in the motor-armature circuit. This 
armature supply is usually an adjust able-volt age system which also 
supplies other motors involved in the process. At the maxiinuin tension 
setting the armature current / i)roduces a 5-volt signal. This signal 
voltage is proportionately less for lower tension setting.^. Series wind¬ 
ings in the motor can be used in place of the dropping resistor, provid¬ 
ing they produce a sufficiently high signal voltage. 

The Fig. 120 circuit employs magnetic comparison in the sensing 
system. The tension-setter rheostat preselects the aini)ere turns of 
the reference coil IB which act to reduce the stage output. The 
ampere turns of the control coil 1C are in opposition to tlie reference 
and act to increase the stage output. They automatically find an 
operating point where the resultant ampere turns of these two bucking 
coils produce suflSicient output to adjust the motor field excitation to 
the roll-diameter requirement. The IR resistor sets up a favorable 
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ratio of inductance to resistance in the control-coil circuit, to obtain. 
the needed speed of response of the input stage. 

The bias coils of the intermediate and output stages are connected 
to reduce the stage output. The sense of the control coils is to increase 
the stage output. 

The anti-hunt winding ID in the input stage is connected to feed 
transient output changes back into the input stage. The anti-hunt 
transformer has its primary winding connected in series with the motor 
shunt field. Rapid changes in shunt* field current induce voltages in 
the secondary winding of the transformer. A portion of the induced 
voltage, as selected by a potentiometer rheostat, is fed into coil ID. 
The sense of coil ID can be either to increase or to decrease the 
regulator output. It is always in the direction to oppose the change 
that is taking place in the motor field current. 

The action of the regulator as the roll diameter increases has been 
described in the paragraphs under constant-tension control system. 

Magnetic-amplifier Alternator Voltage Regulator. Alternators used 
as power suj>plies for high cycle hand tools and for continuous seam 
welding require regulators to maintain the terminal voltage under 
oj)erating conditions of fluctuating load. These are usually 180- or 
360-cycle machines, and they have inherent poor load regulation. The 
alternators used for welding must have fast response, to apply and 
remove the weld heat rapidly. 

A magnetic-amplifier regulator for an alternator of this type is 
shown in Fig. 121. The alternator is driven at constant speed by a 
synchronous motor. The alternator output voltage is adjustable over 
an 8-to-l voltage range, single phase, and ISO cycles. The accuracy 
re(iuirement is to hold the preset voltage within plus or minus 1 per 
cent, with a change of h>ad from no load to full load. A dynamic 
accuracy of 5 per cent is permitted with voltage recovery within 
10 cycles. 

The three regulator stages operate in cascade. In each stage the 
load circuits are omitted, and only the control-coil circuits are showm. 
The load circuits of the intermediate and output stages operate from 
a three-phase power circuit. It is understood that the load circuits 
consist of reactors and rectifiers, connected in the self-saturation 
manner. Each stage has thn^e reactors and six rectifiers, arranged 
in three-phase bridge connection, rather than the single-phase bridge 
circuit previously descril)ed. How’ever, the same basic theory applies 
to the three-phase amplifier stages as to single phase. 

A three-phase rectifier is used to supply direct current for the bias 
coils of tlie intermediate and output stages. The output stage supplies 
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Fi« 1?1 Mainiflir-uniplifior Regulator ('irruit for Alternator Voltage. 
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the field excitation for the alternator. At the time of starting^ there 
is no alternator output and, therefore, no signal passing through the 
regulator. There must be field excitation in order to start generating. 
For that reason the bias sense in the output stage is in the direction 
to turn it full on and apply full forcing voltage on the field. The bias 
coil 2B in the intermediate stage is arranged to turn the intermediate 
stage off, so that it will not interfere with the field forcing for starting. 

The output of the first stage connects to the 2C control coil of the 
intermediate stage through a .-uitabi'. resistor 2R to obtain the rate 
of resj)onse required. The sense of 2C is to increase the output of the 
interinc‘diate stage. The output of the intermediate stage connects 
to the 3(' control coil of the output stage. The sense of 3C is in the 
direction to reduce the alternator field excitation. 

The operating power for the first stage comes from the alternator 
output. Autotransformer 2 steps the alternator voltage down to the 
value reciuired by the detector system. The detector system is designed 
to operate at voltage E, which is constant, regardless of the alternator 
voltage. The alternator voltage is preset by a variable autotrans¬ 
former voltage ^elector which changes the ratio of transformation 
between the alternator output and the detector system voltage E, By 
increasing the voltage selector ratio, the alternator output voltage is 
increased. 

The first stage has its load coil circuit supplied from the single-phase 
suj)ply /?. It has a magnetic-comparison sensing system, with coils 
1/^ and ir operating in opposition. The fixed reference is bias coil 
1/^, supplied from voltage through a bridge rectifier and a circuit 
that is predominantly resistive in nature. The Ii current relationship 
of this circuit, with voltage, is linear, as plotted in the lower right- 
hand corner of Fig. 121. 

The signal in coil 1C also comes from voltage E through a bridge 
rectifier, but this circuit is made non-linear by the use of reactor 4. 
The K’ coil current In when plotted against the voltage, is non-linear 
and crosses the linear curve at the regulating voltage E. The system 
regulates at the voltage crossover point of the two curves. This 
makes a sensitive detector circuit, giving large corrections for small 
deviations from voltage E. 

If the generator voltage becomes high, the detector voltage also 
increases slightly beyond E. Owing to the shape of the Ii and In 
curv’es. In becomes relatively greater. Coil 1C ampere turns exceed 
those of coil IB, increasing the output of the first stage. This increases 
the ampere turns of coil 2C in the intermediate stage and increases the 
output of the intermediate stage. The increased control power from 
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Fia. 122. Vickers Electric Division, 3.2-Kilowatt Magnotioamplificr Regulator 
Panel, with Three-phase Input. 
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the intermediate stage strengthens coil 3C of the output stage. The 
sense of coil 3C causes the change to decrease the output of the final 
stage and weakens the alternator field. This restores the desired 
alternator voltage and also restores the detector voltage E, 

An anti-hunt transformer, operating from the alternator field cur¬ 
rent, couples transient feedback into the first stage. This stabilizes 
the system by feeding back signals which are in opposition to the 
change taking place. 

A regulator having circuit connections like Fig. 121 is shown in 
Fig. 122. This regulator can supply 3.5 kilowatts of field excitation 
continuously. It also has a 5-kilowatt intermittent rating for field 
forcing. The three large reactors and the large rectifier bank furnish 
the 3.5 kilowatts of direct-current power. Figure 123 shows the regu¬ 
lator mounted in a cubicle enclosure. The assembly includes a field- 
circuit contactor, other control devices, and instruments. 
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Problems Based on an Automatic Regulating System 

A. The constant-tension regulating system, shown in Fig. 108, has the following 
assigned data: 

Maximum linear speed = S = 1000 feet per minute. 

Tension = P = 330 pounds. 

Adjustable-voltage lines, 235 direct volts. 

Diameter of mandrel = 1 foot. 

Diameter of full roll = 4 feet. 

Gear ratio between armature and mandrel = 6/1. 

Mechanical efficiency of winder = 80 per cent. 

1. What horsepower is required to wind the strip? 
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2. What is the motor speed at the start of a roll? 

3. What is the motor speed at a full roll? 

4. What is the motor torque at the start of a roll? 

5. What is the motor torque at a full roll? 

6. What type of motor and what horsepower rating should be selected? 

7. What speed range, by motor shunt-field control, is required of the motor 
to allow for automatic tension regulation at the roll-diameter extremes? 

8. With 230 volts supplied to the motor armature, what armature current pro¬ 
duces 330 pounds tension? 

9. How many ohms are required in the sensing-device resistor to produce a 
signal of 6 = 5 volts, to operate the automatic tension regulator? 

B. Assume a mechanical efiiciency of 40 per cent for the mandrel winder of 
problem A. The regulator accuracy is the same in both cases. 

1. What is the loss (friction and windage) horsepower? 

2. What motor horsepower is required? 

3. State the ratio of the per cent of the motor horsepower that produces useful 
tension in the high-efficiency drive to that in the low-efficiency drive. 

4. The regulator holds the total horsepower to a constant value. Why then 
is it important that the variable losses be as low as possible? 

C. The mandrel winder of problem A has a sensing-device resistor which pro¬ 
duces a 5-volt signal for maximum tension. This signal must change 0.1 volt 
to swing the regulator from the empty mandrel to the full roll conditions. 

1. What per cent error, from constant armature current, does this produce at 
the maximum tension setting? 

2. When preset for one-fifth of maximum tension, the sensing device will pro¬ 
duce a 1-volt signal. What is the per cent error in this case? 

3. What conclusion can be made relative to defining the signal level when 
specifying the regulator accuracy? 

D. A constant-speed application takes a regulating signal from a tachometer- 
generator sensing device. The regulator requires a signal change of 0.1 volt to 
produce the necessary corrections. 

1. If the allowable error at maximum speed is 1 per cent, what voltage must 
the tachometer generator produce at the maximum speed? 

2. What tachometer voltage is required at the maximum speed to reduce the 
allowable error to 0.5 per cent? 

3. What conclusion can be made relative to the magnitude of the signal level 
where a choice exists? 
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THE DIRECT-CURRENT SERIES MOTOR 

Series motors are those having the main field connected in series 
with the armature, and so carrying the load current. They may be 
provided with a relatively light shunt field also, to prevent excess 
speed under light loads; they are then called series-shunt motors. The 
relative strength of the two fields may be anything up to 50 per cent 
for each. Since the load current passes through the series field, the 
field strength will vary with the load, and the speed will decrease on 
heavy load and increase on light load. 

Construction. The general construction of a series-wound motor is 
similar to that of a shunt-wound motor, except that the field windings 



Fig. 124. Westinghouse Type-MC Series-wound Mill Motor. 


are of heavy wire or strap, for connection in series with the armature. 
The vital dimensions have been standardized by the AISE. The frame 
is of heavy steel construction and may be split horizontally and hinged, 
so that the top half may be swung back for easy access to the armature 
and the bearings. Armatures are relatively long and of small diameter 
to reduce their inertia, which helps in quick starting, stopping, and 
reversal. In the motor shown in Fig. 124, the field coils are wound 
in a sealed steel box, into which the field pole fits, the bottom of the 
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box being held between the pole and the motor frame.' The commu¬ 
tator and brush construction is similar to that of a shunt motor. The 
motors are made in several types according to the degree of protection 
desired. Totally enclosed motors have a solid frame, without openings. 
Open motors have openings in the top and the bottom halves of the 
frame. These are covered with perforated metal or louvers. Protected 
self-ventilated motors have a solid top frame and openings in the 
bottom frame. 

Motor Torque. The general equation for direct-current motor torque 

Torque = Armature current X Field strength 

applies to the series motor. The field current and field strength change 
whenever the armature current changes. Since the field coils are 



Per cent of full rated amperes 
Fig. 125. Field Curve for a Series Motor. 

wound on iron cores, which are subject to saturation, the field strength 
does not vary directly with the field current but follows a saturation 
curve, like that of Fig. 125. The design of motors is sufiiciently stand¬ 
ardized so that a typical curve will apply to most of them accurately 
enough for most controller calculations. The curve of Fig. 125, com¬ 
piled from data on a number of motors and checked against many 
others, has been found satisfactory for general use. 

If a shunt motor were started with an initial inrush current of 1.5 
times its rated current, the starting torque would also be 1.5 times 
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normal. With a series motor, if saturation were not present, the field 
strength would also be 1.5 times normal and the torque would be 2.25 
times normal. The curve of Fig. 125 shows the actual field strength 
to be 1.11 times normal, and the torque would actually be 1.5 X l-H or 
1.67 times normal. These figures illustrate one of the advantages of the 
series motor, as the high torque results in rapid starting and reversing. 

Motor Speed. The general equation for speed also applies to the 
series motor. 

^ ^ laRfn 

" F(£? - InRJ 

where S = speed in percentage of full-load rated speed. 

E = line voltage in percentage of normal voltage. 

la “ armature curient in percentage of full rated current. 

Rm == resistance of the motor in percentage of E/In^ 

F = field strength in percentage of normal. 

In = normal, or full load, current. 

Since F will vary with the load, a series motor will not accelerate to 
a constant stahle speed like a shunt motor, but will accelerate to a 
speed determined by the load. With light loads and corresponding 
low currents the speed may be excessively high, even runaway. The 
motor must not be applied to drives where the load may at any time 
fall below a safe value, unless some arrangement is made in the control 
to prevent a runaway. The inherent characteristic of running slowly 
under heavy load and fast under light load is exactly what is desired 
for many applications, particularly cranes and hoists. 

Acceleration of Series Motors. Series motors are commonly accel¬ 
erated by means of series resistance, just as shunt motors are, but the 
starting curves are different owing to the different field characteristics. 
Figure 126 shows the starting of a series motor using a resistance cal¬ 
culated to give 150 per cent of current for the inrush peaks. The 
accelerating curves are plotted against torque. The current-torque 
curve shows that, for 150 per cent current, the torque is approximately 
167 per cent. The motor first accelerates along the curve ah, and at h 
the first resistance step is cut out. This gives the second current inrush 
c, and the motor accelerates along the curve cd until the second step 
is cut out. These curves do not pass through 100 per cent speed at 
zero current, as in a shunt motor, but show that the speed keeps on 
increasing as the load decreases. In plotting the curves, the resistance 
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Per cent torque, flux 

Fig. 126. Acceleration Curves for a Series Motor. 

of the motor and leads has been assumed as 11 per cent. The equation 
for any one of the curves is 

1 -RI 

Per cent speed =- 

Flux (1 - 0.11) 

where I is the current in percentage of full-load current. 

R is the resistance in circuit expressed in percentage of 

Line voltage 
Full-load current 

The value of the steps of resistance may be obtained by determining 
the distance between the curves on the line bg, just as with the shunt 
motor. 

Probably the best method of graphical solution is first to plot the 
speed-current curve of the motor alone and then assume a value for 
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the resistance in the last step of the controller. Applying this value 
in the above equation, plot the curve for that step. In the same 
manner, assume values for the other steps and plot those curves. From 
the point where each cur\"e crosses the full-load line, draw a straight 
line vertically until it intersects the next curve. If equal peaks are 
not obtained, select new values for the resistance and try again. If 
the curv’es are very nearly correct, it will be possible to draw them 
in closely enough freehand, following the shape of the nearest calcu¬ 
lated curve. 

This is, admittedly, a cut-and-try method; it is easier to calculate 
the resistance values by the non-graphical method and then plot the 
curv^es if desired. The speed-torque curve is generally of more interest 
than the speed-current cur\"e. The curve of the motor alone can 
always be obtained from the motor manufacturer, and such curves 
usually give the losses at any load. The motor resistance and the 
voltage drop acr')Sb the motor at full load can be calculated from the 
losses. Average values are 0.23E/I for motors up to 10 horsepower, 
0.14:E/I for motors up to 50 horsepower, and 0.11 per cent for the larger 
motors. If no speed-torque curve for a motor is available, one can 
be plotted from the average flux curve of Fig. 125. Table 17 gives the 
values of inrush current and resistor taper for series motors. The 
accelerating steps do not include the plugging step. 


Acceleraling 

Steps 

1 

2 

3 

4 

5 


TABLE 17 

Resistor Design for Series Motors 
Accelerating Peak Plugging Peak 


in per cent of 
FvU Load 
185 
159 
147 
133 
133 


in per cent of 
FuU Load 
150 
150 
150 
150 
150 


Motor 
Resistance, 
per ceni E/1 
23 
14 
11 
10 
8 


The total resistance for plugging is obtained by dividing the plugging 
voltage by the plugging inrush current and subtracting the motor 
resistance. 

EX 1.8 

Rt - - - Rm 

Ip 

The total resistance for accelerating is 


■Race 
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To be exact, the value of E in these two equations should be multi¬ 
plied by a factor to cover the increase in voltage caused by the increase 
of the field strength above normal, which will depend on the values 
of Ip and 7acc- If these current values were 150 per cent of normal, 
the factor would be about 1.11, and the increase in the resistance values 
would just about equal the value of Rm- The general practice is to 
neglect both the increase in field strength and Rmy since they practically 
balance each other. 

The resistance of the plugging step above is 

Rp “ Rt I^acc 

The accelerating resistance may be divided as shown by Table 18. 


TABLE 18 

Resistor Taper for Series Motors 


Per Cent of Total Accelerating Resistance 


No, Steps 

Step 1 

StepB 

steps 

Step 4 

Step 5 

1 

100 



• • • • 


2 

66 

zi 




3 

43 

33 

24 



4 

32.5 

26 

23 

18.5 


5 

24 

22 

20 

18 

16 


Figure 126 is a typical speed-torque curve plotted from these values. 
The equations are 


S = 


E -RIa 

Flux (E - Rtnln) 


T = Flux X la 


where S 
T 
E 
R 

la 

Rm 

Flux 


speed in percentage of full-load speed, 
torque in percentage of full-load torque, 
line voltage = 100 per cent. 

total resistance including the motor in percentage of E/In- 
current in percentage of full-load current 
resistance of the motor in percentage of E/In- 
field strength from field curve. 


Reversing and Plugging. The series motor may be reversed by 
reversing either the armature or the series field, but not both. The 
usual practice is to reverse the armature. Series motors are often 
plugged by connecting the armature for reversed direction while the 
motor is running in the fomv^ard direction. This is done to get a quick 
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stop or, more frequently, a quick reversal. When the motor is plugged, 
the countervoltage of the armature is added to the line voltage, and it 
is necessary to provide an additional step of resistance in the controller 
to limit the inrush current to a safe value. The practice of plugging 
series motors is so general that it is customary either to provide a 
plugging resistance step or, when it is known that plugging is not 
desired, to arrange the control so that the operator cannot plug. It is 
assumed that he will try to do so. 

Figure 126 includes a curve which shows the plugging of a series 
motor. Additional resistance, measured by the line e6, has been added 
to limit the current inrush to 150 per cent. When the motor is plugged, 
it decelerates along the line hk to the point fc, at which point the 
plugging step of resistance is short-circuited and the motor continues 
to decelerate along the curve la to a. At this point it has come to rest, 
and from there on it accelerates in the opposite direction. It is possible 
to delay short-circuiting of the plugging resistance until the current 
has dropped to the point fc, because it is certain that the motor will 
continue to decelerate to zero speed, and then reverse. The curve 
shows that at zero speed the current is below point fc. 

Dynamic Braking. Dynamic braking may be obtained with a series 
motor, as shown in Fig. 127, but the connections become a little compli- 



Resistance 

Series Motor 

Pig. 127. Dynamic Braking of a Series Motor. 


cated. If the motor were simply disconnected from the line and 
shunted by a step of resistance, no braking would be obtained, because 
the current would flow through the field in the wrong direction, and 
the field would be demagnetized. Assuming that, with the motor 
running, the current is flowing from LI to L2, the counter voltage of 
the armature is in the opposing direction as shown by the arrow. 
Current is flowing in the field from LI to L2. When the motor is 
disconnected from the line and connected for braking, it will be evident 
that the field must be connected in the reverse direction in order thet 
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the current will flow through it in the same direction as it was flowing 
with the motor on the line. 

Sometimes, for dynamic braking, the series field is connected directly 
across the line in series with a resistance. It thus becomes temporarily 
a shunt field. This method is wasteful of energy since a high per¬ 
centage of full-load current must be supplied to the field. 

Since dynamic braking is present only when the motor is turning, 
a mechanical brake of some sort is required to hold the load after 
stopping it. Such brakes are usually leleased electrically and applied 
mechanically by springs. When they are used with series motors, the 
usual practice is to equip the brake with a series coil and connect it in 
series with the motor. 1 nis arrangement insures that the brake will 
release only when current is flowing through the motor and motor 
torque is available to hold or move the load. 

Speeds below Normal. The speed of a series motor may be reduced 
below normal by means of series resistance, and also by armature 
shunt resistance, and the results are the same as with a shunt motor, 
except that in calculating the speeds the current in the series field must 
always be considered. 

Series Motor. Armature Shunt. The method followed in designing 
an armature shunt resistance for a series motor differs from that for 



Fig. 128. Series Motor with Armature Shunt. 

a shunt motor, in that the effect of the series field must be considered. 
The field current will be the sum of the currents through the armature 
and the shunt, so that, to obtain normal full-load torque, the armature 
current will be less than the full-load value. The torque desired at 
the reduced speed will be known, but neither the armature current 
nor the field current can be readily determined. Direct calculation for 
the shunt resistance becomes very involved, if not impossible. The 
simpler method is to assume a value for the field strength and calculate 
the speed obtained at the desired torque. If we refer to Fig. 128, and 
n-o all values in percentage of normal: 
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E 

R 

Rm 

T 

F 

If 

la 

Is 

Es 

Ea 

8 


line voltage—^known. 

series resistance plus field resistance—^known. 
armature resistance—^known. 
torque required—^known. 
field strength—assumed. 

the current in the series field. This is determined by the as¬ 
sumed value of field strength, 
the current in the armature = T/F. 
the current in the shunt = If -- la¬ 
the voltage across the armature (and the shunt) = jE — 7/12. 
the counter\^oltage of the motor = Es — laRm- 


the speed 


Eg 

F{E - IgRm) 


The value of F which will give the desired speed having, by a few 
trials, been determined, the shunt resistance is 



Speeds abov^ Normal. It is possible to increase the speed of a series 
motor above normal by shunting the series field and so reducing the 
current through it, but the method is not very practical because of 
the low resistance of the field and so is infrequently used. 

Overhauling Loads. It may seem something of a paradox that the 
series motor, which will run away if too lightly loaded, should be the 
motor most universally used on cranes to handle overhauling loads. 
One reason has been mentioned, the fact that its speed characteristics 
are exactly those desired for hoisting loads. The high torque available 
for rapid acceleration is also desirable. Still another reason for its 
popularity is the fact that the heavy windings of the series fields are 
much less liable to damage in service than the fine wire windings of 
the shunt motor. 

The series motor can readily be made to handle overhauling loads 
safely by suitable arrangement of the control. If a series motor were 
connected for dynamic braking, as shown in Fig. 127, and were then 
driven by an overhauling load, the motor would generate current, 
dissipating energy in the resistance, and act as a brake on the load. 
Almost any desired speed could be obtained by varying the resistance. 
The speed would, however, vary considerably for different loads, and 
a light load could not be driven down. To overcome these objections, 
a circuit like Fig. 145 is used. Here the motor armature and field are 
connected in parallel, each with resistance in series, and the motor 
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characteristics are like those of a shunt machine. The armature circuit- 
resistance is used to prevent excessive starting inrushes, and is cut 
out in several steps as the motor accelerates. The minimum resistance 
in the field circuit must be high enough to limit the field current to 
about normal, and additional resistance is then cut in in several steps 
to weaken the field and increase the motor speed. On the hoisting 
side of the controller the circuits are the same as for a straight non¬ 
reversing control. A controller of this kind is called a dynamic¬ 
lowering hoist controller, and is described in detail in Chapter 13. 

Motor Protection, Controllers for series motors usually include 
magnetic overload relays, which have a time-delay action at ordinary 
overloads but trip instam ineously if the motor stalls. It is not nec¬ 
essary to guard against loss of the series field, as the heavy construction 
makes this unlikely, and the circuit is such that opening of the field 
could hardly happen without the armature being disconnected also. 
Controllers for series-shunt motors often include a relay to protect 
against loss of the shunt field. Ordinarily no other protection is 
provided for a series motor. 

Manually Operated Controllers. Manually operated face-plate con¬ 
trollers are used to some extent with small series motors, both for 
starting and for speed regulation. Their construction is the same as 
that of similar starters for shunt motors. 

Multiple-switch starters are seldom, if ever, used for series motors, 
because the starter is inherently one which takes time to operate, while 
the motor is particularly adaptable to machines which must be started 
frequently and rapidly. 

Drum Controllers. Drum controllers are widely used for the control 
of series motors, particularly on street-railway cars and on cranes. 
Their general construction is the same as that of the drums used for 
controlling shunt motors. 

The reversing and non-reversing drums used for crane trolley and 
bridge motions are arranged for 50 per cent speed reduction by resist¬ 
ance in the armature circuit. If greater speed reduction is desired, an 
armature shunt is used, and 90 per cent reduction may be obtained 
in this way. The drum ratings are the same as for shunt motors. 

Dynamic lowering drum controllers are for use with hoists. They 
are employed with series motors, and the circuits are so arranged that, 
when the drum cylinder is moved in the hoist direction, the motor is 
brought up to speed gradually by reducing the resistance in the circuit 
in the usual manner. The drum is arranged so that, when the cylinder 
is moved to the “lower” position, the motor, when overhauled by the 
load, acts as a generator and forces current through a resistor. If 
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the speed increases the voltage on the terminals of the motor also 
increases, forcing more current through the resistor. The speed is thus 
automatically kept at a safe value with the controller on any given 
point, but by moving the controller to another point the speed can be 
changed by increasing or decreasing the value of the resistance through 
which the generated current must flow. 

Figure 129 shows in an elementary manner how the above effects 
are secured. It will be noted that in the off position a resistance is 


Series 



A. Hoisting 


Series 



Fig. 129. Connections for a Dynamic-lowering Drum Controller. 


connected around the armature and field of the motor. The residual 
magnetism causes the motor to build up as a series generator, and 
current is forced through the resistance until the inertia of the motor 
and the falling load is overcome. 

In the lowering direction, the series field of the motor is connected 
across the line in series with a resistor, and another resistor is connected 
across the armature. This gives the effect of a shunt-wound motor, 
since the strength of the field is independent of the armature current. 
An inspection of Fig. 129 will show that, if the load is not heavy 
enough to overhaul the motor, current will flow from the line through 
the armature and fields of the motor in such a direction as to drive 
the load downward. These drums also are rated the same as those 
for shunt motors. 

Dinkey Controller. The controller shown in Fig. 130 is a face-plate 
type built to stand hard service -and rough treatment. This type of 
controller is named for its inventor, Mr. A. C. Dinkey, and was de¬ 
veloped particularly for steel-mill operations. It represents the earliest 
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form of controller which successfully withstood the abuses of that 
service. 

The controller is built in two types, one for plain reversing and the 
other for dynamic lowering. Several sizes are available, for motors 
up to 100 horsepower. The contacts are arranged in four quadrants, 
the armature-reversing contacts being grouped around the center of 
the slate and the accelerating con¬ 
tacts around the periphery. The 
contacts are mounted on lugs, to 
which the connecting wires are at¬ 
tached. They are easily removable, 
and when worn on one side they may 
be reversed. The moving contacts 
are mounted on a double-ended arm 
of simple construction, which can be 
removed by taking out one bolt. 

The same attention to accessibility 
and case of repair has been given to 
the resistor, which is mounted in a 
frame at the rear of the panel. The 
connections are grouped at the top, 
and by removing the connecting 
wires the resistor sections may be 
lifted out for repair. The very con¬ 
siderable success of this controller 
has led to its continued use in many 
mills to the present day. Its prin¬ 
cipal disadvantages are its size 
weight, and cost, which are greater 
than those of a drum controller, and the fact that the arcing contacts 
are exposed. 

Magnetic Controllers. Magnetic controllers for series motors are 
generally used on cranes, coal and ore bridges, and for auxiliary 
machinery in the processing of steel and other metals. They are made 
in several types as follows: 

Non-reversing, plain starting duty. 

Non-reversing, starting and regulating duty. 

Non-reversing, starting and regulating duty, with dynamic braking. 

Reversing, plugging. 

Reversing, with dynamic braking. 

Reversing, dynamic lowering. These are described in detail in a 
separate chapter. 






, t 


1 








Fig. 130. Dinkey Controller. 
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TABLE 19 

NEMA Ratings for Steel-mill Auxiliary Controllers 


8-hmr 

Contactor 

For Continiwus Duty 

For Intermittent Duty 

CorUactor 

MiU 

Hp 

Minimum Number 

Hp 

Minimum Number 

Ratingj 

Rating^ 

Rating, 

of Accelerating 

Rating, 

of Accelerating 

amperes 

amperes 

SSO V 

Contactors 

230 T" 

Contactors 

100 

133 

25 

2 

35 

2 

150 

200 

40 

2 

55 

2 

300 

400 

75 

2 

110 

2 

600 

800 

150 

3 

225 

2 or 3 

900 

1200 

225 

3 

330 

3 

1350 

1800 

350 

4 

500 

4 

2500 

3350 

600 

5 

1000 

5 


The number of accelerating contactors does not include the plugging 
contactor. 


TABLE 20 


NEMA Ratings for Crane Controllers 


8-hour 

Contactor 


Minimum Number of 

Contactor 

Crane 

Hp 

Accelerating Contactors 

Rating, 

Rating, 

Rating, 

exclusive of Plugging 

amperes 

amperes 

230 V 

Contactor 

100 

133 

35 

3 

150 

200 

55 

3 

300 

400 

110 

3 

600 

800 

225 

4 

900 

1200 

330 

5 

1350 

1800 

500 

6 


A typical controller of the reversing, dynamic-braking type would 
include the devices listed below, mounted on slate or impregnated- 
asbestos panel board. The panel would be mounted on an angle-iron 
supporting frame and might \>e either open or enclosed in a steel 
protecting case. 

1 double-pole single-throw main disconnect knife switch. 

1 double-pole single-throw control circuit knife switch. 

2 fuses for the control circuit. 

2 magnetic overload relays. 

1 set of reversing contactors, mechanically interlocked. 

1 negative line, or main, contactor. 

1 set of accelerating contactors. 

1 spring-closed dynamic-braking contactor. 

1 undervoltage relay. 

1 set of accelerating devices (series or time relays). 

1 plugging contactor. 
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For separate installation there would be a master controller, a set 
of resistor material, and possibly limit switches, or other accessory 
devices. The main or motor circuits of these controllers are much 
alike, but the control circuits vary widely with the application, depend¬ 
ing on the functions required. Figure 131 is typical of the control 
schemes used for mill auxiliary machines. It is for a motor driving a 



Fig. 131. Single-cycle Controller for a Steel Mill Auxiliary' Drive. 


machine through an eccentric, each operation of the motor causing the 
wheel of the drive to make one revolution and moving the eccentric 
rod forward and back. Such a machine might be used to push steel 
billets into a furnace. In the off position of the master the relay UV 
closes. When the master is moved to the forward position, contactors 
lAf and 2Af are energized through a contact of UV. The motor starts 
and accelerates to full speed under the control of the series relays. 
The limit switch contacts LSI and LS2 are those of a rotating cam- 
type switch (see Fig. 31), geared to the driven wheel. As soon as 
the wheel rotates a small amount, contact LS2 closes. Shortly after¬ 
ward contact LSI opens, de-energizing UV, which opens. The motor 
continues to run until LS2 opens, and then it stops. Just before this 
happens, contact LSI recloses, but, when the motor stops, it cannot 
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restart until the operator returns the master to the off position and 
recloses UV, The machine then makes one complete cycle for each 
operation of the master. In case of trouble the operator can stop 
the motor at any point in the cycle. The normally closed interlock 
contacts on IM permit him to reset UV if he makes an emergency stop 
at a point in the cycle where LSI is open. 

Crane-protective Panels. When drum controllers are used for one 
or more of the motors of a crane, it is usual practice to obtain low 
voltage and overload protection by means of a crane-protective panel, 
mounting the apparatus listed below. 

1 double-pole isolating knife switch, with provision for padlocking 
in the open position. 

2 single-pole (or one double-pole) contactors arranged to open both 
sides of the line. 

1 set of automatic-reset overload relays, one in the positive circuit 
to each motor, and one in the common return to the other side of the 
line. 

2 pilot lights with fuses. 

2 control-circuit fuses. 


TABLE 21 

Ratings for Contactors Used on Crane-protective Panels 



Total 

Horsepower 

8-hour 

horsepower 

of Largest 

Bating, 

of All Motors 

Individual 

amperes 

at 230 V 

Motor at 230 V 

100 

55 

35 

150 

80 

55 

300 

160 

110 

600 

320 

225 

900 

480 

330 

1350 

725 

500 


For motors of other voltage ratings, the 8-hour rating of the main¬ 
line contactors should not be less than 50 per cent of the combined 
%-hour or 1-hour rating of the motors, nor less than 75 per cent of 
the %-hour or 1-hour rating of the largest individual motor. 

Sometimes magnetic controllers are also connected behind a crane- 
protective panel, and the disconnect knife switch, overload relays, and 
undervoltage relay are then omitted from the individual controllers. 
With that arrangement the main-line contactor should not be of 
smaller rating than that of the largest contactor on any of the indi¬ 
vidual controllers. 
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The line contactors of the crane-protective panel are operated by a 
two-button momentary-contact pushbutton station, marked beset 
and STOP, The circuit is arranged so that the contactors cannot be 
held closed under overload. 

Braking for Crane Bridges. The method of obtaining 
dynamic braking with a series motor has been described, but, when 
it is desired to obtain such braking on a crane bridge, the problem is 
complicated by the fact that the braking must be effective in both 
directions of travel and also when power fails. It should preferably be 
graduated, so that enough braking effort is available at low speeds, 
but undue shock is avoided when the braking is applied at high speed. 



Fig. 132. Connections for Dynamic Braking of a Series Motor. 

Figure 132 shows a method used with a single motor. In addition 
to the regular equipment of a reversing controller, there are four 
spring-closed dynamic-braking contactors, IDJS, 2DB, 3DB, and 42>B. 
These are mounted in a row on the control panel and are free to open 
at any time when their coils are energized. They are all open when 
the motor is running. A camshaft, extending across the four contactors, 
is turned to either of two positions by a pair of electromagnets. One 
of the magnets is energized when the forward-direction contactors are 
energized, and the camshaft is turned so that contactors IDB and 
2DB are locked open by the cams. Then, when the motor is stopping, 
only contactors 3DB and 4DB can close. When the motor is running 
in tlie forward direction, current flows through the armature from A2 
to Aly and through the series field from S2 to SI. The motor counter¬ 
voltage is in the direction from A1 to A2, When the motor is stopped, 
or if voltage fails, 3DB and 4DJ5 close, and current flows from A1 to 
-42, through SDBy from S2 to SI, through the braking resistor, through 
4DB back to -41. The field is energized in the same direction as when 
running, and braking is secured. 
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When the motor is reversed, the camshaft is rotated to the opposite 
position, and contactors SDB and 4Z>i5 are locked open, while IDB 
and 2DB are free to close. Current flows through the armature from 
A1 to A2, and through the field from S2 to SI. The countervoltage is 
in the direction from A2 to -41. Now, when the motor is stopped, 
IDB and 2DB close, and current flows from -42 through the armature 
to -41, through 2DB, through the series field from S2 to SI, through 
the braking resistor, through IDB, back to -42. Again the field current 
is flowing in the right direction to obtain braking. 

This arrangement is used on single-motor cranes and on other 
machines where a quick stop is essential even though power fails. The 
position of the camshaft, and the locking out of the proper contactors, 
are not affected by power failure. 

For crane bridges dri’v en by two motors the arrangement shown in 
Figs. 133 and 134 will meet all the requirements of good braking. 
This method was developed and patented by Herman Wilson and 
Charles Ritchie, two electrical engineers in one of the steel mills, and 
is known as the Wilson-Ritchie method of braking. The armature of 
one motor is handled by the reversing contactors in the conventional 
way, but the field of the other motor is reversed. Four spring-closed, 
magnetically released contactors are used for the braking circuit. 
These are standard contactors without any additional mechanism. All 
of them are open when the motor is running and closed during braking. 

Referring to Fig. 133, which shows the basic scheme, and assuming 
that the bridge is moving forw’ard, current is flowing from L2 to LI, 
through armature 1 in the direction from -42 to -41, and through arma¬ 
ture 2 in the direction from -412 to All. Current flows through field 
1 from S2 to Si, and through field 2 from S12 to Sll. In stopping, 
all direction contactors open, and all braking contactors close. The 
countervoltage of armature 1 causes current to flow through the arma¬ 
ture from A1 to A2, and through field 2 from S12 to Sll. Similarly, 
the countervoltage of armature 2 causes current to flow from All to 
A12, and through field 1 from S2 to SI. Both fields are therefore 
energized in the right direction, and each provides a braking field for 
the armature of the other motor. It is evident that this must be 
so for either direction of travel, since current always flows in the same 
direction through armature 1 and field 2, which form one braking 
circuit, and since armature 2 and field 1 are always reversed together. 
The controller of Fig. 133 therefore gives a simple and positive braking 
method, either for normal stopping or when power fails. 

Since the speed of a crane bridge varies widely, being low on short 
runs and high on long runs, the available countervoltage, and corre- 
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Fig. 134. Wilson-Ritchie Braking Method with Graduated Braking Torque. 
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spending braking effect, will also vary widely. It is usually desirable 
to provide several steps of braking resistance if the braking is to be 
used for normal or service stopping. Figure 134 shows the usual 
arrangement, with three steps. The contactors which short-circuit 
these steps are controlled either from the operating master or from a 
separate master or foot switch having three positions. For stopping 
from high speed, point 1 is used, on which contactors 3DB, 4Z)B, 13DB, 
and \4:DB are open and all braking resistance is in circuit. This 
resistance will allo\>i approximately 125 per cent of normal current to 
flow. On the second point, contactors iDB and 13Z)B are closed, and 
the remaining resistance will allow approximately the same current 
if the motor is at nonnal speed. On the third point, contactors ^DB 
and 14DB close, and the remaining resistor is designed to allow suf¬ 
ficient current for good braking from half speed. Series relays are 
connected in the braking circuits, controlling 4DB and 14DB, so that, 
if an attempt is made to close these contactors at too high a speed, 
the relays will operate to prevent it. On power failure the circuit is the 
same as it is on the second, or normal speed, braking position. If 
power failed with the bridge at high speed, the braking would be more 
severe than mif'ht be satisfactory for service stopping but not too 
severe for an emergency condition. 

The Wilson-Ritchie scheme has been successfully applied to a num¬ 
ber of cranes. Some interesting tests were made at one installation, 
where there were three cranes on one runway, each equipped with this 
control. It was therefore possible to operate the center crane in either 
direction, or to allow it to drift, or to remain at rest for some time, 
and then in each case push it with one of the other cranes. It was 
found that braking always occurred, even after the crane had been 
allowed to stand at rest for some time. There was always sufficient 
residual magnetism in the fields to start a current fiow, and the braking 
effect, once started, built up rapidly. With this in mind, the scheme 
has been applied to large coal and ore bridges, which are liable to be 
moved on their tracks by a strong wind. If that happened, dynamic 
braking would apply to limit the speed. To the best of the author’s 
knowledge, no other control scheme will accomplish this result. 

Application of Series Motors. Series motors are applicable to drives 
requiring high starting torque, fast reversing, and a motor as sturdy 
in construction as is available. These characteristics make the series 
motor ideal for such applications in steel mills, as roll tables, screw- 
downs, furnace pushers, manipulators, and many others. The motor 
is ideal for cranes, hoists, coal- and ore-handling bucket hoists, and 
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cargo winches, because of its inherent characteristic of running fast 
with light loads and slowly with heavy loads. Its ready adaptability 
to dynamic braking and dynamic lowering is a further advantage on 
this service. Its speed and torque characteristics make it ideal for 
street-railway cars and other motor-driven vehicles. 

Series-shunt motors are applied to drives when it is desired to limit 
the speed with light load. Crane bridges and trolleys may use series- 
shunt motors for that reason. Car dumpers, which may require a high 
starting and accelerating torque, may h^ve some portion of their cycle 
in which the load is very light, or even overhauling, and some shunt 
field is desirable to limit the speed there. 
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Problems 

Note. I"se field curve Fig. 125 in calculations. 

1. Write an equation for the torque of a series motor. 

2. Write an equation for the speed of a series motor. 

3. A series motor is driving a load which causes it to take 110 per cent of 
rated full-loail current. Approximately how much current would an equivalent 
shunt motor require to supply the same torque? 

4. The torque required to drive a certain machine is 5000 pound-feet. The 
inrush current when starting the driving motor is limited to 175 per cent of normal 
full-load current. What is the starting torque if a shunt motor is used? What 
is the starting torque if a series motor is used? 

6. The resistance of the armature and field of a series motor is 0.11^//. If 
the full-load speed of the motor is 1000 rpm, what is the speed at half load? 

6. A motor is provided with both series and shimt fields, so proportioned that 
at full load the series field provides 80 per cent of the field strength. If the 
resistance of the armature and series field is 0.11^//, what will be the speed at 
half load? 

7. Plot the speed-torque curves for acceleration of a series motor with three 
steps of resistance, using the data given in Table 17. 

8. If the resistance of a motor armature and field is 0.11.®//, what is the motor 
countervoltage when running at full load? 

9. What is the total voltage if the motor is plugged? 
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10. If this is a 100-horsepower 230-volt 375-ampere motor, what will be the 
ohmic value of a resistor which will limit the starting current to 150 per cent of 
normal when the motor is plugged? 

11. A motor is provided with both series and shunt fields, so proportioned that 
the series field provides 70 per cent of the field strength. What will be the speed 
if the shunt field circuit is opened? 

12. A 20-horsepower 230-volt 80-ampere motor has an armature and field re¬ 
sistance of 0.14E// and is provided with a dynamic-braking resistor of 1.8 ohms. 
What initial braking torque will be obtained? 

18. A 30-horsepower 230-volt 110-ampere motor is used with a series resistor of 
13 ohms. Calculate the value of an armature shunt resistance which will produce 
a speed of 30 per cent of full-load speed, with a torque of 50 per cent of full 
rated torque. Assume armature resistance of Q.IOE/I, and field resistance of 
QME/I. 

14. A 40-horsepower 230-volt 146-ampere motor is used wdth a series resistor 
of 1.0 ohms, and an armature «hurit ie««istor of 2.0 ohms. What will be the speed 
of this mot(»r in per cent of normal speed when the armature current i? 50 am¬ 
peres. if the resistance of the armature and the field are neglected? 

16. What per cent of full rated torque will the motor be delivering? 

16. Draw an elementary’ diagram of a single-cycle controller like that of Fig. 131. 
except arranged for reversing in emergency. The reversing operation may’ be 
continuous and not under the control of the limit switch. 

17. Draw an elementary’ diagram for the control circuits of Fig. 132, using a 
master controller having five speed points in each direction, and omitting any 
method of delaying the accelerating contactors. 

18. Draw an elementary’ diagram for a controller for a 50-horsepower 230-volt 
190-ampere series motor, the controller to have the following characteristics: 

Reversing. 

Three steps of accelerating resistance. 

Inductive-timed acceleration like Fig. 52. 

Armature shunt on the first point in each direction. 

Field shunt on the last iioint forward only. 

Master controller w’ith 5 speed point.s in each direction. 

Low-voltage protection and overload protection. 

19. Calculate the ohms required in each step of the accelerating resistance, 
using the data of Tables 17 and 18. 

20. Calculate the ohms required in the armature shunt step to give a speed of 
50 per cent of full-load speed, when the motor is running at zero load. 

21. Calculate the ohms required in the field-s-hunting resistor to give a speed 
of 115 per cent of full-load speed, when the motor is running at 100 per cent load. 

22. A small series motor is started by a controller having a single step of 
resistance, the accelerating contactor being set to close at 100 per cent of rated 
current. If the controller is changed to use a five-step resistor, with the same 
contactor setting, how much will the average accelerating torque be reduced? 
Use data of Table 17. 

28. A 75-horsepower 230-volt 280-ampere series motor has a resistance of 11 
per cent of E/L Using the data of Tables 17 and 18, calculate the ohms in each 
step of a five-step resistor which will give the following performance; 
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Current on first point when plugging, 100 per cent of rated current. 

Current on second point when plugging, 150 per cent of rated current. 

Current on third point starting from resf^ee table. 

24. A motor is provided with both series and shunt fields, the shunt field pro¬ 
viding 30 per cent of the field strength. The motor is belted to the machine 
which it drives. What speed will the motor reach if the belt breaks? 

25. A mill has a series-shunt motor rated 100 horsepower, 230 volts, and 375 
amperes. It has a shunt field which provides 50 per cent of the field strength. 
How many ohms must be used in series with the motor to obtain 50 per cent 
speed at full rated load? 
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TWO-MOTOR DRIVES 

It frequently happens that two motors, instead of one motor of twice 
the size, may be used to definite advantage for a drive. The motors 
are usually connected mechanically, so that any change in speed or 
direction of rotation of one is accompanied by a corresponding change 
in the other. The mechanical connection may be accomplished by 
direct coupling, or by gearing, or it may be through track and wheels 
in a car or a crane bridge. 

Space conditions wdll sometimes influence the choice of two motors, 
as it may be easier to find room for two small motors than for one 
large one. If the single motor were of an odd size it might be advan¬ 
tageous to select <wo smaller ones in order to make them duplicates 
of other machines in the plant, and so eliminate the necessity of car¬ 
rying a new line of repair parts. Where emergency operation of a 
machine is essential, as in hot-metal-handling equipment, it is advan¬ 
tageous to have two motors. In the event of motor burnout the dam¬ 
aged machine may be dismantled, and the equipment operated tem¬ 
porarily by one motor. Some two-motor drives have been installed 
with the idea of obtaining more rapid acceleration and reversal, be¬ 
cause the moment of inertia of two small motors is less than that of 
one large one. There is some difference of opinion as to whether this 
condition actually obtains in practice, but undoubtedly many two- 
motor drives have been installed for that reason. 

When using two motors mechanically connected together, the prin¬ 
cipal difficulties are to obtain equal division of the load when starting 
and when running, to avoid circulating currents when plugging, to 
commutate highly inductive currents when the motors are in series. 

Division of Running Load. Motors which are supposedly exact du¬ 
plicates may vary enough in their characteristics to cause serious un¬ 
balancing of the load; this is particularly true of shunt motors. Slight 
imp^fections in manufacture, unequal beating of the field coils, dif¬ 
ferences in the length of leads, or any one of a number of other causes 
may result in unbalancing the load. The effect is most marked in 
shunt motors because of their flat speed-current characteristic. 
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The speed of a shunt motor changes very little over a wide range 
of load current, and, conversely, if the motor is forced, by mechanical 
connection, to run at a speed only slightly different from its natural 
speed, wide variation in current will result. With a series motor the 
speed changes more rapidly with changes in load, and consequently a 
slightly incorrect speed will not cause a very great imbalancing of 
load. The unbalancing obtained with compound motors will be some¬ 
where between that of the shunt and the series motors, depending 
upon the percentage of compounding. 

Calculations based on some typical motor curves show that, when 
two shunt motors having a difference of 5 per cent in full-load speed 
are mechanically coupled, one may take twice as much current as the 
other. When series motors having the same speed difference are 
coupled, the load of one might be approximately 15 per cent higher 
than that of the other. It wdll be evident that the control equipment 
is not the factor w^hich causes unbalancing of the running load. How¬ 
ever, the blame is often laid to the control equipment, and control en¬ 
gineers are called upon to correct the trouble. For that reason a brief 
description of a method of balancing, applicable to shunt or compoimd 
motors in parallel, is given here. 

Balancing Shunt Motors. 

1. Set the motor brushes at neutral. 

2. Check the speed at full field. If the speed is different, increase 
the speed of the slow motor by taking out shims of the main field 
poles. If there are no shims on the main field poles, or if all have been 
taken out, the speed of the fast motor should be decreased by adding 
shims to the main field poles. The thickness of the shims should be 
not more than %2 iiich. 

3. Check the speed of the motors with weak field maximum speed, 
at no load. If necessary, disconnect the motors to obtain no load. 
The brushes are to remain on neutral. If this speed differs more than 
1 per cent, adjust the field resistor to make the speed the same. 

4. Check the speed at full load wuth weakened field. If the speed 
differs, shift the brushes of the fast motor in the direction of rotation. 
The brushes should not be shifted more than one bar at the maximum. 
If this is not sufficient, return the brush to neutral and increase the 
air gap on the interpoles of the fast motor. First take out the shims 
of the two adjacent poles. If this does not suffice, shift the brushes, 
not more than one bar, in the direction of rotation on the fast motor. 
If still more adjustment is required, return the brush to neutral and 
take out shims of the other two interpoles on the fast motor, and shift 
brushes, if necessary. If the removal of the shims from the interpoles 
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slows down the motor from which they are removed to such an extent 
that it becomes slower than the other motor, the other motor then 
becomes the fast motor, and the brushes on it should be shifted, not 
more than one bar, in the direction of rotation. The shims removed 
at any one time should be not more than %2 ii^ch thick. 

5. If the motors do not parallel and equalize the load on the inter¬ 
mediate steps, adjust the field resistor. 

Notes. The fast motor is the one that takes the greater load; and 
vice versa, the slow motor is the one that takes the lesser load. 

The motors should be adjusted so that difference in current taken 
by them is not more than 5 per cent of full-load current. This may 
mean that on light loads one of the motors may take more than twice 
as much current as the other, in extreme instances. This is considered 
satisfactory because the load on either of the motors will be well 
within its rating. 

Starting Motors in Parallel. Shunt motors, or slightly compounded 
motors, may be started as shown in Fig. 135.4, using a common starting 
resistor and one set of accelerating contactors. A common set of 
reversing contactors may be used for shunt motors, as shown in Fig. 
135S. With compound motors two sets of reverse contactors will be 
required, in order that the series fields may receive current in the same 
direction and that the current of each armature may pass through its 
own series field. If a single set of reversing contactors were used, the 
series fields would have to be connected in parallel, outside of the re¬ 
versing contactors. The current would then divide through the fields 
in inverse ratio to their resistances. Since the resistance of a series 
field is very low, it is difficult to balance two of them exactly and to 
maintain this balance whether the motors are hot or cold. If the series 
field is only a small percentage of the shunt field strength this objec¬ 
tion may not be very serious, but two sets of direction contactors 
make a better arrangement, and with heavily compounded motors or 
series motors they become a necessity. The connections shown in Fig. 
135C, therefore, are satisfactory for starting series motors or for re¬ 
versing them if plugging is not required. 

Since each motor develops full horsepower, and since the armature 
current of both passes through the starting resistor, it is evident that 
the resistor, and the control contactors, must be designed on the basis 
of the total horsepower of both motors. If one motor is cut out of 
service, the starting currents will remain the same and the second 
motor will receive double its normal starting peaks. This may be sat¬ 
isfactory in emergency, but where such a condition is likely to be of 
frequent occurrence it is customaiy to provide some arrangement for 
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Fig. 136. Starting Shunt Motors in Parallel. 
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changing the resistance when one motor is cut out. Figure 136 shows 
an arrangement for starting a number of motors together. In this 
case it was frequently desired to start different combinations of 
motors. Each motor was provided with its own resistor, which could 
be paralleled with any other resistor by closing a four-pole knife 
switch. The knife switches used had two clips for each blade, as this 
was necessary to break up the circuit properly. When starting any 
combination of motors, the knife switches for those motors were closed, 
thus providing the correct resistance for the combination and, at the 
same time, permitting the use of a single common set of accelerating 
contactors. One pole of each knife switch disconnected the motor, so 
that it was impossible to set up an incorrect resistor combination. 

The connections shown in Figs. 135 and 136 are also satisfactory 
for speed regulation by armature resistor. With speed regulation by 
field resistor it is customary to provide separate rheostats in each 
motor field. However, for certain types of drives—cloth calender 
trains, for example—a single rheostat is used to control all the fields 
in parallel. Correction is then applied by a small vernier rheostat in 
each field, except that of the leading motor. 

Plugging Motors in Parallel. When series motors in parallel are 
to be plugged, none of the control schemes discussed so far will be 
satisfactory. The series fields cannot be simply connected in parallel, 
as each machine must feed its own field to insure proper division of 
starting and running current. The connections shown in Fig. 135C 
will cause serious trouble. There is certain to be some slight difference 
in the resistance of the two series fields. As long as the motors are 
running forward, they will tend to balance the load, as any increase 
in load on one motor will cause an increase of current through the 
corresponding series field, and that motor will tend to slow down, 
allowing the other motor to take a greater share of the load. However, 
when the motors are plugged the conditions are different. The counter- 
voltage of the armatures, which has been opposing the line voltage, 
is then added to the line voltage. Since there is certain to be some 
difference in the field characteristics, there is also certain to be some 
difference in the countervoltage developed by the two armatures. The 
annatures and fields form a closed loop of very low resistance, and 
any difference in countervoltage will force current around the loop. 
Because of the low resistance of the loop, a small voltage will cause 
a considerable current flow. Even if the initial current flow is 
very small the result is disastrous, because the circulating current 
strengthens the field of the motor whose voltage is already high and 
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weakens the field of the motor whose voltage is low. Consequently, 
the voltage of the strong motor increases still more, while that of the 
weak motor decreases further. The result is an increasingly greater 
difference in voltage and heavier circulating current, and the effect 
builds up until the weak motor is not generating any voltage. It then 
acts as a short circuit across the other motor. 

In order to avoid the effect just described, it is necessary to insert 
resistance into the motor loop during the plugging period. One method 
of doing this is to have entirely separate plugging and accelerating 
contactors for each motor, as shown in Fig. 137^1. This is really having 
two separate controllers operated from one master. No circulating 
currents can occur, and the scheme is highly satisfactory for starting, 
reversing, and plugging. Since each motor has its own contactors 
and its own resistor, it is a very simple matter to cut out one motor 
in case of trouble. In order to insure smooth acceleration by closing 
the corresponding accelerators of each motor at the same time, double¬ 
pole accelerators may be used, or single-pole contactors may be 
mechanically tied together in pairs. Both methods have certain advan¬ 
tages. With double-pole contactors, the number of coils will be smaller 
and the control circuit simpler. The controller with single-pole con¬ 
tactors will be somewhat more flexible, and the contactors will duplicate 
those for single-motor controllers. 

Another method of arranging a plugging controller is showm in Fig. 
137B. Here there are separate plugging contactors and resistance in 
the looj) circuit, to limit the circulating currents, but the rest of the 
accelerating contactors are common to the tw^o motors. The only 
advantage of this arrangement is low^er cost, and this is somew^hat 
offset by the fact that the common contactors must have capacity for 
the current of the tw’o motors. If it happened that the motor size 
W’^as such that the same size of contactor w’as required for either one 
or tw’o motors, then this arrangement w^ould result in a worth w’hile 
saving, but, where the common contactors must be larger, very little 
saving results. 

Series Motors in Series. When series motors are connected in series, 
the armatures are in series inside the reversing contactors and the 
fields are in series outside the reversing contactors. The purpose of 
this arrangement is to limit the speed of the motors to one-half of its 
normal value. For some drives the acceleration appears to be more 
rapid if the motors are required to reach only half speed, and also 
there is less tendency to reach undesirable speeds on light loads. The 
current flowing through the circuit is limited to that of one motor; 
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and, since the voltage across each motor is half line voltage, it follows 
that the total horsepower of the drive is that of one motor. The 
contactors are selected and the resistance designed on that basis, with 
the exception that the severity of the arcing must be taken into 
account. The inductance of the two series fields in series is greater 
than that of a single field, and this causes the arcing to be more severe 
when the circuit is opened by the contactors. It is therefore advisable 
not to use contactors to the limit of their rating, but to allow some 
margin of capacity. The life of the arcing contacts wull be increased 
by so doing. In plugging, the counter\’oltage of two motors in series 
will rise higher than that of a single motor and, coupled with the 
increased inductance of the fields, will cause severe arcing. The ohmic 
value of the plugging resistance should be high enough to compensate 
for the higher coimtervoitage. The usual practice is to have approxi¬ 
mately 50 per cent more ohms than in a single motor. 

Frequently a standard single-motor controller may be satisfactory 
to handle two motors in series, but the capacity of the contactors 
should be considered and the plugging resistance increased. 

Series Motors—Dynamic Lowering. Two series motors are often 
used to drive the hoist motion of a large crane or of a bucket hoist. 
The characteristics of the series motors are such as to insure proper 
division of the load during hoisting. If one motor should attempt to 
take more load than the other, its field strength would be increased 
and it would tend to slow down. The other motor would tend to speed 
up until the load was equalized. During dynamic lowering, however, 
the opposite takes place, and, if one of the motors takes the greater 
part of the load, it tends to slow down and increase the unbalancing 
still more. 

A satisfactory means of insuring a balance during lowering is a 
control scheme similar to that shown in Fig. 138, in which the series 
fields of the motors are cross-connected during lowering. In the hoist¬ 
ing direction, contactors IF, 2F, UP, 12P are closed, and each motor 
armature is in series with its own field. The connections are then the 
same as they would be with two separate controllers. In the lowering 
direction contactors 1X0,11X0, ID, and IID are closed. The arma¬ 
ture of motor 1 is now connected in a dynamic-braking loop circuit 
including the field of motor 2, and the armature of 2 is similarly 
connected to the field of 1. Any tendency of one motor to take more 
current will increase the field strength of the other motor and so 
equalize the load again. 
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This control scheme has been used on many bucket hoists and on 
some large cranes, and it insures proper division of the load. However, 
there are other considerations which often outweigh this one when 
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Fig. 138. Two-motor Dynamic-lowering Hoist Controller. 


determining crane hoist control. Most of the cranes large enough to 
require a two-motor hoist are ladle cranes, and here it is essential 
to be able to move the hoist with one motor in the event of trouble. 
The cross-connected scheme does not lend itself readily to single-motor 
operation; consequently the majority of ladle-crane controllers consist 
simply of two entirely separate controllers operated from a single 
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master and provided with knife switches to cut out either motor in 
case of trouble. With such controllers it is possible to secure fairly 
satisfactory division of load by carefully balancing the motors on 
each step of the control during lowering, and it is necessary to accept 
some unbalancing in order to secure the flexibility of the separate 
control scheme. 

Motors Not Mechanically Coupled. Some machines require two or 
more motors which are not mechanically tied together, or which have 
a somewhat flexible mechanical tie. In such installations the problem 
is not one of division of load but often one of speed synchronization 
or position synchronization. For example, a machine for making 
paper consists of a number of separate sections, each driven by its 
own motor,‘ and the only tie between the sections is the piece of paper 
under process. The paper is, of course, too weak to hold the sections 
to the same speed, and so some sort of accurate speed synchronization 
is necessary. The same is true of a multistand continuous steel rolling 
mill. Most of the speed-synchronizing methods are quite complicated 
and usually peculiar to one particular process. They are really a part 
of the problem of applying automatic control to a definite manufactur¬ 
ing process. Some are described in Chapter 10. 

The bridge motion of an ore or coal bridge is a good example of 
position synchronization. The cross-member of such a bridge is 
mounted on large king pins, so that the ends of the bridge may move 
out of line with each other without doing any harm. It is of advantage 
to be able to move one end of the bridge without moving the other, 
for such purposes as loading or moving freight cars. A large bridge 
may permit a misalignment of 40 feet before the danger point is 
reached. The control generally consists of separate drum- or magnetic- 
type controllers for motors on each end of the bridge. A skew limit 
switch is used to prevent misalignment beyond the danger point. 
This switch is mounted at the top of one of the bridge legs and is 
operated by a cam on the cross-member of the bridge. As the end 
of the bridge moves, the cross-member turns on the king pin, and 
when the danger point is reached the cam trips the skew limit switch, 
stopping further motion in that direction. Generally a second contact 
of the limit switch is used to slow down before final stop occurs. 
If the bridge is moving with both motors energized, and one side gets 
too far ahead, the skew switch will operate and slow down the leading 
motor. If further misalignment occurs, the leading motor will be 
stopped. 
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Series-parallel ControL Two motors mechanically coimected may 
be controlled by the series-parallel method. With this arrangement 
the motors are first connected to the line in series and with resistance 
in circuit. The resistance is then gradually cut out until the motors 
are across the line in series. The next step is to re-insert the resistance 
and connect the motors in parallel. Then the resistance is again 
cut out step by step until the motors are across the line in parallel. 
With the motors in series across the line, half speed is obtained; with 
the motors in parallel, full speed. Since the half speed is obtained 
without power loss in the resistance, the scheme is of advantage where 
half speed is frequently required. A further power saving is obtained 
where the accelerating period is long, as the motors may be accelerated 
in series with half of the current that would be required if they 
were in parallel. The series-parallel control also gives a smooth, even 
acceleration. 

The principal application of this type of control is to mo\’ing cars. 
In operating city trolley cars, for instance, a considerable power saving 
is effected by having two running speeds which are obtained without 
losses in resistors. A relatively long acceleration period is required, 
and a smooth acceleration is desirable. Similar requirements are found 
in controlling electric locomotives, interurban cars, larry cars in steel 
mills and coke plants, and ore bridges. 

The most important feature of a series-parallel control scheme is 
the method of transition from series to parallel. It is desirable that 
the transition be rapid, smooth, and without loss of speed or torque. 
In order to obtain these results, additional control material is required 
so that the series-parallel controller is relatively complicated and 
expensive. Three types of transition are common. They are known 
as open-circuit transition, shunt transition, and bridging transition. 

Open-circuit Transition. This method is illustrated in Fig. 139. The 
motors are first connected in series with resistance in circuit. The 
resistance is then cut out until the motors are across the line in series 
and running at half speed. At the transition point the motor circuit 
is opened and the motors are momentarily disconnected. They are 
then reconnected in parallel and with the resistance back in circuit. 
The resistance is then cut out until the motors are across the line in 
parallel and at full speed. This method is simple and involves the 
mi nimum complication of the controller, but the opening of the circuit 
is undesirable, as it causes a loss of speed and torque during the 
change-over period. The arcing which occurs when the circuit is 
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opened shortens the life of the controller contacts. For these reasons 
the open-circuit method is limited to small motors. 

Shunt Transition. The shunt-transition method shown in Fig. 140 
provides a simple means of avoiding an open circuit during the change 
from series to parallel. The motors are brought up to half speed in 

Series with resistor 


Series across the line 


First step in transition 


Second step in transition 


Parallel with resistor 


Parallel across the line 


Fig. 139. Series-parallel Controller with Open-circuit Transition. 

the same manner as for open-circuit transition. At the transition 
point resistance is introduced into the circuit, and then one of the 
motors is short-circuited. The resistance compensates for the counter- 
voltage which the short-circuited motor has been developing and pre¬ 
vents an excessive inrush of current. The short-circuited motor is 
now disconnected and reconnected in parallel with the other motor, 
after which the resistance is cut out of circuit until the motors are 
across the line in parallel and at full speed. With this method the 
circuit is never broken, and at least one motor is always producing 
driving torque. The total torque, however, is reduced during the 
transition. The most serious objections to the method are that the 
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short-circuited motor receives a heavy overload for a short period, 
and that the sudden application of this overload and the sudden change 
in torque produce severe shocks to the driven machinery. 

Bridging Transition. The bridging method is shown in Fig. 141. 
With this arrangement the motors are brought up to half speed in series 

Series with resistor 


Series across the line 





First step in transition 



Second step in transition 




Fig. 140. Series-parallel Controller with Shunt Transition. 


in the usual manner. Resistance is then connected in parallel with 
each motor, so that the circuit is equivalent to that of a Wheatstone 
bridge. If the resistances are of equal value, no current will flow in 
the bridging circuit. When this circuit is opened, the motors are 
connected in parallel. The resistance is then cut out until the motors 
are up to full speed. By adjusting the resistances to suitable values. 
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the torque may be kept up during the transition or may even be 
increased. Increasing the current through the resistors will increase 
the motor torque when the bridge is opened. 

The bridging method gives a smooth, even acceleration without loss 
of speed or torque and without shock to the driven machine. It is, 
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Fig. 141. Series-parallel Controller with Bridging Transition. 


therefore, the most extensh’ely used method, although it requires a 
more complicated and expensive controller. 

Types of Series-parallel Controllers. Series-parallel controllers may 
be either of the drum type or of the magnetic-contactor type. Since 
their greatest field of application is to cars, where space is usually 
limited, drums are widely used. However, the advantages of magnetic 
control in general apply to series-parallel control also, and, where space 
conditions will permit, magnetic control is desirable. 

Figure 142 illustrates the connections of a magnetic-contactor con¬ 
troller; it includes a sequence table, showing the contactors which are 
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closed on each point of the master controller. On the first point 
forward, the direction contactors IF, 2F, 3F, and 4F are closed, and 
the series contactor is IS. The motors are then connected in series 
with all the resistance in circuit. On the second point, contactors 2A 
and 3A are closed, and a portion of the resistance is short-circuited. 
On the next point contactors 4A, 14A, 5A, and 15A are closed, short- 
circuiting all the resistance except the step R6-R7. This step is cut 
out on the fourth point, by closing contacts 6A, and the motors are 
then across the line, in series, and at half speed. 

The triiisition starts on the fourth point and is completed on the 
fifth point. As soon as contactor 6A closes, it energizes a relay which 
opens the circuit to the series contactor IS and to the resistance 
contactors 2A, 3A, 4A, 5A, 14A, and 15A. This does not affect the 
operation in any way, as the circuit is still complete through 6A, but it 
does prepare the resistance circuit for the next step in the transition. 
When the master is moved to the fifth point, the ]iarallel contactors 
IP and 2P are closed, thus setting up the bridging circuit. Two relays 
are also energized at this time. One of these is used to connect the 
coils of contactors 4A and 14A together, and also the coils of 5A and 
15A. This is done to insure equal acceleration of the motors in parallel, 
by cutting out the resistance steps in each motor circuit at exactly 
the same time. The second relay opens the circuit to 6A, thus opening 
the bridge and connecting the motors in parallel, with resistance in 
each motor circuit. On the sixth point the resistance contactors 4A 
and 14A are closed and then 5A and 15A, and the motors are in 
parallel across the line at full speed. 

The operation in the reverse direction is the same, except that the 
direction contactors IP, 2P, 3P, and 4P are closed instead of the 
forw’ard-direction contactors. 

In the controller just described, six speeds in each direction are 
obtained. This is the maximum number generally employed, but the 
same controller could give a number of additional speeds if desired. 
It would be necessary only to change the master so that each resistance 
contactor would be energized on a separate point. The maximum 
number of speeds in each direction would be as follows: 


Speed 

Series 

Speed 

Series 

Speed 

ParaUel 

1 

IS 

5 

UA 



2 

2A 

6 

5A 

9 

1P-2P 

3 

3A 

7 


10 

4A-14A 

4 

4A 

8 

6^ 

11 
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The resistance contactors are under the control of scries relays, and 
they are so interlocked as to insure their closing in the proper sequence. 
The circuits are also arranged so that the master may be moved 
rapidly to the full-speed point, and the contactors will still go through 
the proper sequence to start the motors in series, effect the transition, 
and bring them up to speed in parallel. 

The resistance steps RZ-R4r-R5 and R8-RQ-R10 are the accelerating 
resistance, and should limit the current inrush to 150 per cent. The 
total of these four steps is then 1.50 = OME/I. The steps 
R1-R2-R3 are plugging steps and should limit the current to 150 per 
cent when the controller is plugged. If plugged from parallel to series, 
the countervoltage of both motors must be added to the line voltage. 
If we assiune the counter\’oltage of each motor to be 80 per cent, 

E + 0.8E -I- 0.8E = 2.QE 
2.6E 

Total resistance =- 

1.5/ 

= 1.72E/I 

RI-R2-RS = 1.72E/I - OME/I 
= IME/I 

The step R6-R7 is of low resistance and is used to prevent a short 
circuit if an arc should hang on contactor IS until contactors IP and 
2P closed. When the plug steps and the accelerating steps are tapered 
in the usual manner, the following table is obtained: 


Step 

Ohms in 
per cent 
ofE/I 

Step 

Ohms in 
per cent 
ofE/I 

R1-R2 

64 

R8-R9 

22 

R2-R3 

42 

R9-R10 

11 

R3-R4 

22 

R&-R7 

10 

Ri-Ro 

11 




Simplified Series Parallel. It is not always necessary to have full 
series-parallel control. Sometimes a controller giving series operation 
or parallel operation, but without transition, will meet the requirements 
of the drive. The controller can then be considerably simplified. A 
controller of this type might be used in connection with a screwdown 
on a rolling mill. The characteristics of the service require a slow 
speed at full torque in the lowering direction, and a high speed in the 
up direction. This can be obtained by connecting the motors in 
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parallel when hoisting, and in series when lowering, and the ratio of 
speeds would be 2 to 1. If the controller were further simplified by 
connecting the series fields permanently in series and the armatures 



Fig. 143. Connections for a Simplified Series-parallel Controller. 

in series parallel, the hoisting speed would be 155 per cent of the 
lowering speed, which might be sufficient to meet the requirements of 
the installation. Figure 143 shows the connections. 
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Problems 

1. Three 100-horsepower 230-volt 350-ampere 480-rpm series motors are con¬ 
nected in series to drive a machine. Using the equations of the series motor, 
calculate the speed of the combination. 

2. Calculate the total horsepower which will be delivered by the three motors 
of problem 1. 

3. Draw an elementary diagram for the main and control circuits of a non¬ 
reversing controller for the motors of problem 1, including the following: 

Main and control knife switches. 

2 overload relays. 

9 line contactors. 
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3 accelerating contactors. 

Current limit acceleration. 

Low-voltage relay. 

Four-speed master. 

4. Draw an elementary diagram for the main and control circuits of a reversing 
controller for the motors of problem 1, including the following: 

Main and control knife switches. 

2 overload relays. 

1 line contactor. 

4 reversing contactors. 

3 accelerating contactors. 

Inductive-timed acceleration. 

Low-voltage relay. 

Four-speed master. 

5. Calculate the ohmic value of a starting resistor for the motors of problem 1, 
to give an initial starting current of 150 per cent of rated current, and assuming 
the resistance of each motor as 11 per cent of E/I, 

6. Calculate the ohmic value of a series speed-regulating resistor for the motors 
of problem 1, to give 50 per cent speed at full load. 

7. Calculate the wattage to be dissipated by the resistor of problem 6. How 
does this compare with the wattage to be dissipated by a similar resistor for a 
single 100-horsepower motor? 

8. Draw an elementary diagram for the control circuits of the arrangement 
shown in Fig. 135(^ using a four-speed master controller, and condenser-timed 
acceleration. 

9. Calculate the ohmic value and wattage capacity of a speed-regulating 
resistor for a controller like Fig. 135(\ for tw’o 35-horsepower 230-volt 140-ampere 
motors. Tlie speed is to be reduced to 50 per cent of rated speed, when running 
at 75 per cent of rated load. 

10. Draw an elementary diagram for the control circuits of Fig. 137R, using a 
four-speed master controller and inductive timing without a separate inductor. 

11. Calculate the ohmic \aluc of each step of a plugging resistor for two 25- 
horsepower 230-volt 100-ampere motors, using a controller like Fig. 137B and 
the data of Tables 17 and 18. 

12. Two 50-horsepower 230-volt 200-ampere series motors are used to drive a 
crane trolley, using a controller like Fig. 137R except having two steps of resistor 
for plugging, and three steps of resistor for accelerating. Draw the elementary 
diagram of the main circuits only. 

18. If the plugging inrush current is to be 70 per cent of rated current on the 
first point, and 150 per cent on the second point, calculate the ohms in all steps 
of the resistor, using the data of Tables 17 and 18. 

14. Draw an elementary diagram of the main circuits only, of a reversing, 
plugging controller for four series motors, connected two in series, and the two 
pairs in parallel. 

16. Two 50-horsepower 230-volt 200-ampere series motors are connected in a 
series-parallel arrangement like Fig. 142. If the resistance of each motor is 11 
per cent of E/l^ calculate the ohmic values of the resistor steps of the controller. 
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16. Using the data of problem 15, calculate the speed which will be obtained 
on each point of the controller, when the motors are fully loaded. 

17. Draw an elementaiy diagram of the control circuits of the controller shown 
in Fig. 143, using a reversing master arranged to give the maximum number of 
speeds for hoisting and lowering. Omit any means of delaying the accelerating 
contactors. 
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DYNAMIC LOWERING HOIST CONTROLLERS 

Characteristics Required* Dynamic lowering control is used in con¬ 
nection with series motors, or compound motors having a predominat¬ 
ing series field, to operate crane hoists, winches, or other drives where 
the load may be overhauling. The requirements for hoisting are that 
it should be possible to take up a slack cable without undue jerking, 
and to accelerate and hoist both light and heavy loads smoothly, with 
a choice of several speeds. The requirements for lowering are that it 
should be possible to lower both light and heavy loads safely, with a 
choice of several speeds, and to lower an empty hook at a high speed, 
although the load under that condition would not be overhauling. 

General Principles. The connections for the hoisting direction are 
the same as those of a full reverse controller; that is, the armature 
and the series field are connected in series. If this connection were 
used in the lowering direction, the motor would not retard an overhaul¬ 
ing load but would soon reach a runaway speed. By connecting the 
armature and the field in parallel, with resistance in each circuit, char¬ 
acteristics approximating those of a shunt motor are obtained. With 
a light load the motor drives the hook down, taking a relatively heavy 
current from the line. As the load is increased the current taken from 
the line becomes less, as less torque is required to drive the load. 
When the load is heavy enough to overcome the friction of the drive, 
it begins to overhaul the motor, which then acts as a generator and 
retards the load. The speed is varied by changing the amount of re¬ 
sistance in the braking loop or in the series field circuit. 

Dynamic lowering controllers, as built by different control manu¬ 
facturers, vary somewhat in detail, but the underlying principles are 
the same and the control schemes similar. Both current-limit acceler¬ 
ation and time-limit acceleration are used, with the trend decidedly 
tovrard time limit. The controller described below is of the inductive 
time limit type. Several manufacturers have almost identical control 
schemes, wdth the exception of the method of acceleration. Since the 
purpose here is to describe the dynamic lowering principles, one con¬ 
trol will serve as well as another. For a description of the inductive 

method of acceleration, see Chapter 6. 

009 




Reference to the line diagram, Fig. 144, and to the btei^hy-step 
line diagram. Fig. 145, will show the circuiU obtained, and the method 
by which they are obtained, on the variouh lioihting and lov^eriiig 
points. Figure 146 shows the speed-torque curves of the lioist. 

300 













Off Position. Ill tho oft position the motor cil^conneoted from the 
line, ami the ainiatuie ami field aie '^hoit-eirciiited through reMstanees 
HI, Kfs, ami Hih and thioimh the contact^ of the spring-closed 
contactoi 21) Thi'* {^;l^c^ a dynainie-hraking connection which pre- 
^eIlt^ dropping the loati if the electromechanical brake should fail. 
The brake m de-eiieigized and set in the off (lObition. 

.^1 
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Hoisting. Moving the master to the first point hoisting energizes 
the coils of contactors 2D, and IP. Since the coil of IP is inter¬ 
locked behind 2D, the braking loop around the armature is opened be¬ 
fore power is applied to the motor. The closing of contactors IP and 

Off position 



Ri R4 R3 R2 Rl 

Fig 145 Dynamic Lowoinm Stf p-lA-^tcp Ciicuil- 


M connects the motor to the line through the btarting rcj^istance steps 
Jt2 to P5, and P6 to P8. Since the motor armature and field are in 
series, the motor starts and operates as a series motor, exerting ap¬ 
proximately 40 per cent torque on this first point. The motor current 
also flows through the series brake coil, releasing the lirake. It will 
be noted that resistance step Jf21“P2 is short-circuited and is not used 
in hoisting. 

On the second point hoisting, the contactor 2A is energized, short- 
circuiting resistor step R2-R3 and increasing the current to approxi- 
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mately 100 per cent and the torque to approximately ,100 per cent, if 
the motor has not started on the first point. The first point is, there¬ 
fore, a slack cable point, and the second point is the slowest hoisting 
speed. Since the current obtained when 2A is closed is not excessive, 
no time delay is introduced in the closing of this contactor. 



«50 100 50 0 50 too 150 200 

Per Ceni Torque 

Fig. 146. Speod-torquo Cur\*es for Dyniimic-lowcring Control. 

On the third point of the master, contactor 3A is closed, short- 
circuiting resistor step which gives an increased hoisting speed. 

On tiiis point tlie current is approximately 150 per cent and the torque 
approximately 165 per cent. On the fourth point the contactor 4,4 is 
closed, and on the fifth point the contactors 5*4 and 6.4. Each of 
these points gives additional hoisting torque and speed. On the last 
point the resistor is entirely short-circuited and the motor is connected 
directly to tlie line. 

Accelerating Time. If the operator moves the master directly to 
the last point, the contactor 2*4 will close at once, since there is no 
time delay in connection with it. The contactors 3*4, 44, 5*4, and 6A 
















304 DYNAMIC LOWERING HOIST CONTROLLERS 

will close in a definite time, under control of the inductive time-limit 
acceleration. This time is usually adjusted to be approximately 2^ 
seconds, of which slightly more than 1 second is obtained on the con¬ 
tactor 3A and the rest on contactors 4.4, 5A, and 6-4. 

In order to obtain time delay on the resistor contactors, it is neces¬ 
sary to energize their holdout coils before the closing coils are ener¬ 
gized. Consequently, in hoisting, contactor M is closed first, and then 
contactor IP. This applies power to the motor and causes current to 
flow through the starting resistor, which in turn energizes the holdout 
coils of the accelerators. The closing coils are connected behind inter¬ 
locks on the contactor IP, so that they are not energized until the 
contactor is closed and after the holdout coils have been energized. 

Lowering. In the lowering direction the motor is connected to oper¬ 
ate some',hat as a shunt motor; that is, the field is in parallel with 
the armature. On the first point the contactors 1A7), l/>, 2D, and 
all the accelerating contactors are energized. Current flows from line 
L2 through the resistor P11-P12, to the junction of the armature and 
the series field. Here it divides, a portion flowing througli the serit^s 
field and the series brake to the line LI. and the rest flowing tlinmgh 
the armat'jre and resistance R7-RS to line LI. The l)rake will re¬ 
lease. blit the starting torque obtained is low, and if there is no load 
on the hook the motor may not have sufficient tonpie on this point to 
start the empty hook down. 

On the second point the contactors 44. an<l 6.4 are de-energized 
and opened, inserting resistance step PcWf?, >tep R7-RH in series 
with the armature, and step P4-P5 in series with the field. This does 
not increase the starting torque, but it do(*s increase the lowering 
speed. 

On the third point contactor 3.4 is o]>ened, inserting resistance step 
123--P4 in series with the field. This weakens the field and increases 
the speed on all loads. The starting torque with light hook is low on 
all these points. 

On the fourth point the resistance P11-P12 is cut out by the closing 
of contactor 2KO, Contactors 5.4 and 6.4 are reclosed, short-circuit¬ 
ing resistance steps RQ-R7 and R7-RH in the armature circuit. At 
the same time contactor 2A is opened, inserting resistance stej) R2-R3 
in the field circuit. This gives the highest lowering speed for heavy 
loads, and it also gives a high starting torque for starting to drive 
down a light load. 

The fifth point is used to lower light loads at high speed. On this 
point the spring-closed contactor 1.4 is energized and opened, insert¬ 
ing resistance step R1-R2 into the circuit, to weaken the field further. 
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Resistance step R1-R2 is designed to give the desired 'lowering speed 
with a light load, but if a heavy load were lowered on this point the 
speed would be excessive and probably unsafe. The controller is ar¬ 
ranged to prevent an unsafe speed automatically. This is the function 
of the compound current relay CR, which has a shunt coil connected 
across the line and a series coil connected in the armature circuit dur¬ 
ing lowering. As long as the motor is driving the load, or as long as 
the load is only slightly overhauling, current flows through the series 
coil from L2 to LI, and under this condition the series coil is arranged 
to oppose the shunt coil. The relay, therefore, does not open its con¬ 
tacts, and contactor L4 is permitted to remain open, allowing the 
motor to run at high sjieed. However, as soon as the load begins to 
overhaul, the current in the series coil of the relay reverses, and the 
two coils become accumulative. The relay then opens its contacts 
and de-energizes contactor L4, cutting out the high-speed resistance 
and preventing the nn»tor from operating on an excessive speed. 

The use of a spring-clo.^ed, magnetically opened contactor for lA 
insures that, in the event of voltage failure, the contactor will close. 
This will also luip|)en if the contactor coil should burn out. In either 
(»f these conditions, the e(iuij)ment will be safe, as the contactor will 
close and hold the motor speed to a safe value. The arrangement is 
(piite flexible since the light-load lowering sjieed is directly governed 
by the value of resistance and the full-load lowering speed is 

gt»verned by the maxiimim value of R2-R3. Consequently these re- 
>istances can be independently adju>ted for obtaining the light-load 
and the full-load speeds desired, and both speeds may be made any 
<li‘sirable safe value. The curves. Fig. 146, show a light-load lowering 
>peed of 170 per cent of full-load hoisting speed, and a full-load lower¬ 
ing speetl of 175 per cent of full-load hoisting speed, but these speeds 
are often made as high as 2(X) per cent. 

If the operator iih)ves the master handle rapidly to the last i)oint 
lowering, or if the motor d(»es not start until that point is reached, 
automatic starting is obtained through the timing of contactors oA 
and 6.4. The time on these contactors for acceleration on the last 
point lowering is approximately 1.2 seconds. Because of this auto¬ 
matic acceleration on the last point lowering, ample torque is obtained 
without excessive current peaks. 

Since the slowest lowering speed is obtained with the resistor con¬ 
tactors ehised, it is desirable that they close immediately, without any 
time delay, when the master is moved to the first point lowering. 
Tliis is accomplislied by* energizing the closing coils on this point be¬ 
fore power has been applied to the motor. It will be noted that the 
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closing coils are energized through an interlock on the ID contactor, 
and that the contactor \KO is also energized by this same interlock. 
It is necessary that IKO be closed before power is applied to the 
motor and before the holdout coils of the resistor contactors are ener¬ 
gized. Consequently the closing coils are energized first, and the con¬ 
tactors closed immediately on the first point lowering. 

Decelerating Time. If the master has been moved over to the last 
or next to the last point in the lowering direction and is then moved 
back tow’ards the off position to slow down, time for decelerating is 
obtained on the resistor contactors. It is desired that this time be less 
than the time of acceleration in the hoisting direction. The motor re¬ 
quires less time for decelerating than for accelerating, and the shorter 
this tim( can safely be made, the more accurately the load may be 
checked and stopped. In order to accomplish a change in timing, tiie 
inductor coil TC6 is used. It is connected in parallel with the coil of 
contactor IjKO and is energized in the lowering direction only. It 
serves to saturate the inductor somewhat; consequently the flux 
changes obtained when the other inductor coils are cut out are less 
effective than they would be without coil TC6. Similarly, the voltages 
induced in the holding-out coils are less, and the time obtained on the 
contactorfe is less, than it is in the hoisting direction. By thus auto¬ 
matically causing a difference in the time of acceleration in the hoist¬ 
ing direction and of deceleration in the lowering direction, the efficiency 
of the hoist is improved and accurate spotting of the load in lowering 
is easily accomplished. 

If it is desired to change the rate of automatic deceleration in slow¬ 
ing dowm, adjustment should be made on contactor 3.4. since the time 
obtained on this contactor is important in the decelerating period but 
not so important in the hoisting direction. 

Stopping. In returning the master to the off position, from the 
lowering direction, automatic graduated dynamic braking is obtained. 
The spring-closed contactor 2D is de-energized, and closes, so that 
the armature and series field are short-circuited through resistors 
R6-R7y R7—R8, and 2?8—i?9. This applies a strong but not excessive 
dynamic braking current w^hich checks the motor. The contactors 5.4 
and 6A then close in order, in a definite time, short-circuiting resistor 
steps 2?6-J27 and R7—R8, respectively, and so decreasing the value of 
the dynamic braking resistor and maintaining a strong dynamic brak¬ 
ing current as the motor comes to a stop. By this means stopping is 
mainly accomplished by the motor, which saves wxar on the brake. 
Because the braking is automatically graduated with time-limit con- 
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trol, the ciirrent peaks are kept down to a value that, may be safely 
commutated by the motor. 

When the motor has come to rest, the contactors 5A and 6A are 
de-energized by means of relay VR, and the load is then held by the 
brake. The function of the relay is simply to provide for the dis¬ 
connecting of all circuits in the off position after the graduated dy¬ 
namic braking has been accomplished. 

It will be noted that this controller gives high speeds for lowering 
light or heavy loads, and also very slow speeds for careful handling 
of heavy loads. The intermediate points of the master give inter¬ 
mediate speeds for hoisting or lowering any type of load. 

Power-limit Switch. It is considered good practice to use a limit 
switch to stop the hoist motor in case of overtravel in the hoisting 
direction, and to use a switch which will open the motor circuit di¬ 
rectly, rather than a pilot switch which would open the contactor coils. 
The contacts marked Q in Fig. 144 represent such a switch. 

The switching mechanism is a double-pole, double-throw, cam-oper¬ 
ated, quick-make and quick-break device. It is reset to the normal 
position by a weight. Tlie crane hoist cable runs through a slot in 
the weight, and when the crane hook is raised too high the hook block 
will strike the weight and lift it, tripping the switch. 

As long as the hoist is in a safe position, contacts Q1 and Q4 are 
closed and contacts Q2 and Q3 are open. When the hoist overtravels 
and the switch is tripped, contacts Q1 and Q4 open to cut off power. 
At the same time contacts Q2 and Q3 close to set up a dynamic brak¬ 
ing circuit and stop the motor (juickly. When the limit switch is 
tripped the motor cannot be energized in the hoisting direction but 
can still be energized in the lowering direction, which permits mo\dng 
out of the danger zone. The limit switch wdll reset w’hen the hoist 
has reached a safe iH)sition. 

Voltage Relay. The diagram also shows the connections for the 
low'-voltage protection relay wiiich is supplied as standard on all 
types of controllers. Relay C is energized in the off position of the 
master by segment 2. When closed the relay provides a feed for 
itself through one of its two contacts. The other contact provides a 
circuit for the coils of line contactors ID, M, IP, and 2D. When the 
master is moved to any running piisition, the relay coil is energized 
only through its own contact. If the relay opens, on account of volt¬ 
age failure or the tripping of an overload relay, all contactors are 
opened and the c^iuipment stopped. To restart, it is necessary to re¬ 
turn the master to the off position and energize the relay again. 
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Calculation of Horsepower. The horsepower required to operate a 
crane hoist may be calculated as outlined below, and it is advisable 
to check the actual requirements against the rating of tlie motor 
actually used. If the hoist is overmotored, w’hich is not uncommon 
practice, it may be necessary to increase the ohmic value of the re¬ 
sistor steps w’hich determine the full-load lowering speed, as a design 
based on full rated horsepower may not permit fast enough lowering 
speeds. 

The following information is generally obtainable from the crane 
builder. 


W = the rated load in pounds. 

jS = calculated full-load hoisting speed in feet per minute. 

G = the gear reduction between the mot(»r and the winding drum. 
D = i' e pitch diameter of the winding drum in feet. 

R = the rope reduction between drum and hook. 

Eff = the estimated overall efficiency of the hoist. 

Th» make and type v f hoist motor. 

The ^4-houi rating of the motor. 

The rpm at rated load. 


The horsepower reqaired for hoisting can be calculated from the 
equetim 


Horsepower = 


_ WX_S _ 

33,(KX) X Efficiency 


It often happens that S is not definitely known, and then the hor>e- 
power is calculated from the torcjue rt^cpiired. The torque in jn»und- 
feet at the motor shaft is 

r_ w 

2 X O' X « X Efficu'iicy 


When the torque is known, the motor spee<l can be dt*tenniiu‘d fn)m 
the torque-speed curve. The hor>ep<iwer can u^ually be obtain<'<l from 
the motor curve or can be calculated from the motor spee<l and torepu* 


Horsepower = 


T X RPM X 2y 
33,000 


Resistor Design. The resistor must be designed t<» meet both hoist¬ 
ing and loivering conditions. Step R2-Ri is designc'd t<» give low' 
torque for slack cable take-up. Stei)s *4-Kr>, Riy-ia, and in 

series, limit the accelerating current in hoisting. C'onsidered w'ith the 
motor resistance, they should limit the accelerating current peaks io 
approximately 150 per cent of full-load motor current. Stei> /?3-/?4 
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is designed to give a suitable lowering speed when it is in circuit and 
an intermediate low torque point in hoisting. Step R2-R3 determines 
the full-load lowering speed; step Rl-R2j the light-load lowering 
speed. 

Resistance 2011-J212 determines the starting, or kickoff, current in 
the lowering direction. For satisfactory operation this current should 
be approximately 125 per cent of full load, so that the resistance step 
should be approximately 0,SE/L 

The resistance of the dynamic step /28-i?9 is 0.25F//. A number 
of conditions affect the value of this step. In lowering, the step is in 
series with the motor annature; and, with a light load, the ratio of 
annature current to field current is dependent on the value of the re¬ 
sistance. An (‘ciual distribution of the current will give the maximum 
torque. It is also important that sufficient current flow through the 
field circuit to insure that the series brake will operate. About 40 
per cent of full-load current is required to lift the brake. In the last 
positi(»n lowering, steps i?6-i?7, i?7-R8, and are in series with 

the annature, and, if the operator moves the master lever so fast that 
the brake does not lift until the last point is reached, these resistances 
determine the inrush. Steps Riy-K7 and i?7-J?8 are cut out as the 
motor accelerates, an<l i?8-R9 should be high enough to limit the cur¬ 
rent to a safe value. 

When the master is m(»ved to the off pi>sition, these three steps es¬ 
tablish a loop around the armature and field, serving to limit the 
initial braking current to a safe value. In stopping, contactors 5A and 
(U are clo.M*d, with time tlelay, to give graduated dynamic braking. 

In the last p<»sition lowering step KS-Rd is in series with the arma¬ 
ture, across the line, and the countervoltage of the armature is de¬ 
pendent on the voltage drop across the resistance. With an empty 
hook the voltage drop will reduce the speed of the motor, but with an 
overhauling load it will add to the armature voltage and increase the 
motor speeil. It is desirable to have the empty hook speed relatively 
high; therefore from this standpoint the resistance step should be as 
low as possible. The value used is a compromise which best meets 
all the conditions de.^ired. The complete resistor stepping is as fol¬ 
lows: 



Ohms in 


Ohms in 


Perc'entaqb 


Pebcentaob 

Step 

OP E. I 

Step 

GF £, I 

RI-R2 

105 

Ro-in 

19 

R2-HZ 

85 

R7-RS 

14 

RZ RA 

40 

R8-A9 

25 


‘^5 


80 
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Calculation of Speed-torque Curves. The designer of a dynamic- 
lowering controller is interested in the speeds which are obtained in 
each point of the controller, in the lowering direction, and under vary¬ 
ing load conditions. Sometimes these speeds are definitely specified 
by the purchaser or fixed by the requirements of the installation; in 
any event they must be within the limits of safety and good jiractice. 
A speed-torque curve, plotted for each point of the controller, will give 
the desired infonnation. A method of calculating and plotting such 
curv’es follow’s: 

All dynamic-low^ering circuits w hen connected for lowering take the 
form shown in Fig. 145, in which the armature circuit and the serie^ 
field circuit are connected in parallel. Either the armature or the 
field or both may have a resistance in series. The resistance in the 
line is ge. erally in circuit on the slow speeds and cut out on high 
speeds. It will be understood that this circuit is typical. In an actual 
controller, any of these resistances may consist of two or more steps, 
but the circuit obtained on any given point in the lowering direction 
can alw^ays be reduced to a simple circuit similar to that shown. With 
this arrangement, and with a light load, the motor will drive the load 
dowm, ex*^rting a torque m the lowering direction. With an overhauling 
load me motor will be driven as a generator and will exert a retarding 
torque. The counters’oltage of the motor will depend upon the speed 
and the field strength. The torque will depend upon the field strength 
and the current in the armature. The circuit may be solved by 
Kirchhoff’s laws, as follows: 

Armature resistance = 0.08 jE I (a-s.sumed) 

Field resistance = 0.03£ / (assumed) 
Resistance in line circuit = 0.80£ I (as.sumed) 
Resistance in field circuit = 0.20A^ / (assum(Kl) 
Resistance in armature circuit = 0.57jP I (assumed) 

E = line voltage = 1.0. 

Ea = counterv’oltage of armature as compared to line voltage. 

la = current in armature as compared to full-load current. 

If = current in field as compared to full-load current. 

1 1 = current in the line as compared to full-load current. 

In = full-load current = 1.0. 

S = speed as compared to rated or full-load speed. 

T = torque as compared to rated or bill-load tor<iue. 

F = field strength or flux as compared to full field strength. 
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Then, Ra = total resistance in the armature circuit — ’0.65E/I 
Rf = total resistance in the field circuit = 0.29E/I 
Ri total resistance in the line circuit = 0.80^// 


The equation for speed is 

g — ^ ~ 

~FiE-IM "fXO.89 


The equation for torque is 

T = FX la 


By Kirchhoff’s laws, 


/t = /a + // 

IfRf *1" JiRt — E — 1.0 
IfRj ~ laRa — F!a 


S = 


Eg 

0.89F 


[11 

[21 

[31 

[41 


T^FXla [51 

To calculate points on the speed-torque cui^’e, assume values for I/. 
To approximate the range of such a8sume<l values, two points are 
reatlily calculatetl. These are zero speed, and zero torque. 

At zero sikhhI, Eg — 0 


From (Hpiation 1, I; 


E 


Ri + 


Ra X Rf 
Ra + R/ 


1.0 

0 80 -1- 0.20 


= 1.0 


From »(i<iation 2, 
At zero torque, 
From (Kiuation 1, 


// = 


E - hRi 1.0 - 0.80 


E/ 


0.29 


= 0.69 


/« = 0 
// = /( = 


Ri + Rf 1.09 


1.0 

=-= 0.917 


Now. having some i<lea of what the values of If will be, assume other 
values and prejiare a table as shown below. The field strength is read 
from the curve of Fig. 125, and the other values are calculated from 
the e(iuations indicated in the table headings. 


// 

IfRf 

hRiW 

// 

/.[21 

laRa 

^a[3l 

F 

sw 

r(6i 

0.69 

0.20 

0.80 

1.00 

+0.31 

+0.20 

0.00 

0.883 

0.00 

+0.274 

0.917 

0.206 

0.734 

0.917 

0.00 

0.00 

0.266 

0.973 

0.307 

0.00 

1.20 

0.^48 

0.652 

0.815 

-0.385 

-0.25 

0.598 

1.052 

0.638 

-0.405 

1..50 

0.485 

0.5(i5 

0.707 

1 

P 

-0.515 

0.950 

1.11 

0.962 

-0.88 
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The speed-torque curv’e may now be plotted. Figure 147 shows the 
cun’^e obtained in this example. If all of the line resistance is cut out, 
the field strength will be constant, and the curvx will become a straiglit 
line. Decreasing the resistance in the armature circuit will make the 
curve more flat; that is, the speed will not var>" so much with changes 
in load. Decreasing the resistance in the field circuit will decrease 
the speed in all loads. When estimating the resistance of the motor 
armature and series field, it may be assumed that about 70 per cent 

Per cent torque 
Driving Overhauling 



Fig. 147. Spooci-torqiie Curve of a Dynaniie-lowerinp Hoist. 

of the motor resistance is in the armature, and 30 per cent in the field. 
If the circuit includes a series brake, it will be in the field circuit, and 
the brake resistance should be included in the value of the resistance 
of that circuit. Since the resistance of a series brake coil is verj” low, 
it will not make much difference in the calculations. An average 
value is O.OlF/7. 

Calculation of Speed-torque Curves—Alternate Method. It is possi¬ 
ble to calculate the data for speed-torque curves directly in rpni 
and pound-feet. It is necessary to know the resistance of the motor 
armature and series field. If these values are not known, the motor 
resistance can be calculated from the motor efficiency curve, and it 
may be assumed that 70 per cent of the motor resistance is in the 
armature and 30 per cent in the field. A speed-torque cur\*e of the 
motor is also necessary. 

From the equations for the speed and torque of a series motor, and 
with constants added so that the equations are correct for actual values 
(not percentages), 
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CALCULATION OF SPEED-TORQUE CURVES 


KF 


T 

h 


K,F = 

S{E - I^R^) 


A^ Ai, K 


F — field strength in any desired units. 

T = torque in pound-feet. 

la = armature current in amperes. 

E = line voltage in volts. 

Rm = motor resistance in ohms. 

S = speed in rpm. 

If *= motor field current in amperes, 

Im = motor current in amperes. 

In = motor full-load current in amperes. 
2 = constants. 


[6J 

m 


Since E — InEm al«<> a constant, and since E — laRm is the counter* 
voltage, equation 7 may be written, 



[ 8 ] 


It will l)e evident that, with a series motor operating normally, 

If = la 

The first step in the calculation is to assume a set of values for If 
(which will also he those of /„, and /ol, and from the motor cur\'e read 
the corresponding values of T and S. 

With T and h known. KF can be calculated from equation 6. Since 
A, la, and are known, the countervoltage E„ can be iletermined. 
Then, with *S known, KK can be calculated. A table listing these 
values would be headed as follows: 


If T KF IaR„, Ea S K2F 

It is now possible to plot curves for T la and Ea against //, and to 
use these curves for the calculation of the dynamic-lowering circuit. 

The lowering circuit consists of three branches. One branch consists 
of the motor armature and a resi^tor in series with it. The current 
in this branch is /«. and its total resistance (armature and external 
resistor) is Ra- A second branch consists of the motor field and a 
resistor in series with it. The current in this branch is //, and the total 
resistance (field and external resistor) is ff/. These two branches are 
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Fig. 148. ('omuM-iioii.s ft)r Siiiiplifieil Dynamic-lowering Hoist Controller. 
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connected in parallel. In series with the combination is the third 
branch which is a resistor i?i. The current in this branch is 
The next step is to set up a table with headings as follows: 

If IfRf IlRl h la laRa Ea ^ S T 

Then assume values of //, and calculate the other values. 

7/ = assumed. 

Rf = known. 

Ri = knorni. 


The voltag across Ri = E — IfRf. Call this Ex. 


//= 


Ri 


la-Il — h 
Ra = known 
Sa — IfRf — laRa 


Ea 

s 


= read from cur\*e 


E„ S 
T 

— = read from curve 

la 

T 

r = /„ X - 

*a 

The speed-torque curve may now he plotted from tlie values of *S and T. 

The method described works ecjually well for series and for s(‘ri(‘s- 
shunt motors. It will be evident that if the >ame values of 7/ an* 
used in preparing the preliminary' table and the final table it is not 
necessary to plot the cur\’es of 7/ vs. T la and // vs. Ea/S, 

Accuracy of the Method. There will be slight errors in the results 
of these calculations because the calculations are based on the motor 
curve which is correct for normal series motor operation and the same 
current in armature and field. Under the conditions of dynamic lower¬ 
ing, the motor and field currents are not the same, and the motor is 
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sometimes acting as a generator. Cross-magnetizing armature reaction 
will affect the field strength, tending toward demagnetization. Cur¬ 
rents flowing in armature coils which are being commutated also affect 
the field strength. The net effect of these factors is to decrease the 
field strength when the armature current is high. In general, if the 
field current is higher than 50 per cent of normal, and if the armature 
current under this condition is not more than 100 per cent of normal, 
the curves will be quite accurate. If the field current is higher than 
50 per cent, the armature current may be correspondingly higher with¬ 
out affecting the accuracy of the cur\’es. 

Adjustments. As an aid to the understanding of the controller de¬ 
scribed, the results which may be obtained by adjusting the various 
resistance steps are given below in tabular form. 


Step 

H\-R2 


Hoisting 


Effect of Increasing 
Ohmic Value 
Not used in hoisting 


Effect of Decreasing 
Ohmic Value 
Not used in hoisting 


K2 Rii 
Slack 
cable 
step 


S|)eed and torque on the first 
jMiint will lx* reduced. Current 
taken from the line on the first 
fM)int will lx? reduced. If the 
ohms are ma<le Ux) high, the 
brake will lx* slow in releasing. 


Speed, torque, and current from 
the line will be increased on the 
first point. 


R:i R4 S|xhhI and torcpie on the second 
Slack |x)int will Ih‘ reduce<l. 

cable st4»p 


SixxhI and torque on the second 
point will l)e increased. 


R4 Rly 
Ri\ R7 
R7 /e8 


The.se steps are designed for 
(‘qual current jx'aks of approxi¬ 
mately 150 |K'r ccMit of normal 
full-load current, .\iljustment 
for hoisting .should not l)e neces- 
Siiry. Increa.sing the ohms of 
any step will decrea.se the s|)eed 
and tiinpie on that (X)int and 
will also decretuse the current 
|x‘ak at that ix»int. The jxmk 
occurring when tlie stop is cut 
out will lx* increji.soil. If these 
steps are out of adjustment 
enougli to cause very unequal 
ix'aks during accxderation. the 
o^x^ration will lx? jerky and there 
will lx» strains on the ropes and 
gears. 


Decreasing the ohms on any 
|x>int will increase the speed and 
torque on that jK)int. It will in¬ 
crease the current pe&k on that 
IX)int and dei'rease the peak oc¬ 
curring when the step is cut out 
of circuit. 
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Step 

B8-R9 

D3niiunic 

Hoisting 

Effect of 

Increasinq Ohmic Valxie 

Not used in hoisting. 

Effect of 

Decreasing Ohmic Value 

Rn-R12 

Kickoff 

Not used in hoisting. 



Lowering 


Step 

R1-R2 

Increasing Ohmic Value 
light-load lowering speed will 
be increased. Full-load lower¬ 
ing speed will not be affected. 

Decreasing Ohmic Value 
Light-load lowering SjXH'd will 
he decreased, f'ull-load lower¬ 
ing speed will not lie affected. 

S2-RS 

"ncreasing the ohmic value will 
increase the speed on the fourth 
point and full-load speed on the 
fifth point. 

Speed on the fourth point will 
be decreased, and on the fifth 
point with full load. 

R3-Ri 

R4r-Ro 

Speed on the third point will be 
increased. 

Speed on the thin point will l>e 
decreased. 

R6-R7 

R7-Rb 

Speed on the ^*‘‘eond point with 
iverhauling load will be in¬ 
creased. Starting torque on the 
second point will be decreased. 
In the off position, the first and 
second steps of dynamic braking 
will be less effective. 

Sjieed on the second jioint with 
overhauling load will be de¬ 
creased. Starting tonjue on the 
second point will lie increast'd. 
In the off [K>sition, the first and 
.second steps of dynamic braking 
w ill lie stronger. 

R8-R9 

All three steps of the gracluated, 
off position, dynamic braking 
will be decreased in effect. 

All three steps of the graduated 
off iK)sition. dynamic braking 
will lx? increa.sc*d in effect. 


The torque for starting and low¬ 
ering will be decreased. The 
torque on all ix)ints lowering on 
power will be decreased. 

The torque for starting and low¬ 
ering will lx‘ increa.s(*d. 'I'he 
tcirque on all {xiints lowering on 
power will be increased. 


Light hook lowering speed will 
be decreased. 

Light hcKik lowering sixM?d will 
lie increasc^d. 


Full-load low’ering speed will be 
increased. 

Full-load lowering sjxx'd w ill lx‘ 
decrea.se(l. 


If made too high, the proper 
ratio of full-load and light-load 
speeds will not be maintained, 
and the crane may not operate 
at its best efficiency. 

If made Ux) low', the brake may 
lie slow in relea.sing. Also the 
accelerating inrush on the hist 
jKiint may lie too high. Also 
sparking of the commutator may 
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SUp Increasing Ohmic Value Decreasing Ohmic Valve 

occur during dynamic braking 
in the off position. 


Rll-R\2 Si)eed and torque will \ye de¬ 
creased on the first four points. 
Current taken from the line on 
starting will be decreased. 


Speed and torque will be in¬ 
creased on the first four points. 
Current taken from the line on 
starting will be increased. 


Simplified Controller. The controller which has been described is 
suitable for use with any of the common sizes of crane hoist motors, 
but a somewhat simplified arrangement is generally satisfactory for 
the smaller sizes, up to 55 horsepower. A single step of dynamic¬ 
braking resistance is used, and a lesser number of accelerating steps. 
A diagram of the simi>lified controller is shown in Fig. 148. The speed- 
torque curves obtained with this controller are similar to those of 
Fig. 14(>, and the operating speeds may be just as high as with the 
first controller described. 


References 
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Problems 

1. IVing tlic ft)llowing values, calculate and plot a speed-torque cur>’e similar 
to Fig. 147, for a dynamic-lowering hoist controller: 


.Vrmature nvistance 
Field resistance 
Resistance in line circuit 
Re.sistancc‘ in field circuit 
Resist anct» in armatun' circuit 


0.08^// 
0.03^ I 
0.80E / 
1.50E I 
0.2oE I 


2. Calculate and plot a similar curve for the same circuit, but with the line- 
circuit re.'^istance reduced to zero. 

9. A bucket hoist has the following duty cycles: 


CUxsing the bucket 
Hoisting 

0(M*ning the bucket 

Ijowering 

Resting 


6 seconds at 40 hp 
10 seconds at 80 hp 
3 seconds at 30 hp 
10 seconds at 45 hp 
16 seconds at 0 hp 


If the rate of cooling of the motor at standstill is one-third of the rate when 
running, what is the rms horse|>ower required of the motor? 

4 . Assuming that it nniuires 150 |ht cent of full-load current to supply the 
desired initial starting torque, how many ohms will be required in the accelerating 
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resistor of a controller for the hoist of problem 3? The power is supplied at 
230 volts. 

5. The bucket of a bucket hoist weighs 5000 pounds, and the load in it weighs 
10,000 pounds. The hoisting speed is 150 feet per minute, and the efficiency of 
the hoist is 80 per cent. What is the horsepower for which the controller must 
be designed? 

6. A hoist has the following characteristics: 

Weight of bucket 2000 pounds 

Weight of load 6000 pounds 

Diameter of winding drum 2 feet 

Efficiency of the hoist 80 jH'r cent 

Gear reduction 5 to 1 

Rope reduction 2 to 1 

What is the torque on the motor shaft when hoisting full load? 

7. What ^s the torque on the motor shaft when lowering the empty bucket? 

8 . Draw a step-by-step elementarj' diagram similar to Fig. 145. for the hoist 
controller of Fig. 148. 

9. A 50-horsepower 230-volt 200-ampere hoi>t motor ha< a controller with the 
circuits of Fig. 145. If the controller is in tlie off position, but witli the brake 
released, and if the load is lowering at a speed which cau>e> 100 aiiipero to flow 
in the motor armature, what is the lowering >peeil, in per cent of full-load hoist¬ 
ing speed? The resistor values are; 

Per Cent of E I 

RQ-R7 19 

R7-RS 14 

/?8-/?9 25 

Armature 8 

Field 3 

Field curve Fig. 125 

10 . What is the torque at the motor >haft. in ikt ce nt of full-rate<l tonpic? 

11 . What will be the lowering speed after contactor.'- 5.4 and 6.4 are clo.sed? 

12 . A small crane is to be equipped with a controlh'r hkt* that of Fig 14S. except 
that it is to be simpliffed by the oniis>ion of 1.4, 4.4. th<‘ limit .Mop contact- 
Ql-04 inclusive, and relay ('R. Tlie nia-ter i- to ha\e thr(*e .-pi'ed.n in each 
direction. Make an elementary’ diagram for the contioiler. 



14 


ALTERNATING-CURRENT CONTACTORS AND 

RELAYS 

Alternating-current Magnets. The principal difference between al¬ 
ternating-current contactors and direct-current contactors is in the 
design of the operating magnet. With the direct-current contactor, 
any heating of the iron frame arises from copper loss in the coil. With 
the alternating-current contactor, heating of the frame comes from 
iron loss in the frame itself. The resistance of the coil is relatively 
low, and tlie copper loss is small. In order to reduce the iron losses, 
alternating-current-contactor magnets are made of thin laminations 
bolte<l together. The laminations must be bolted tightly together to 
prevent humming when the contactor is operated, but care must be 
exercised in locating the holding bolts, since they are solid and will be 
subject to heating. The bolts must be located at points of low flux 
density. 

With a direct-current contactor, the current in the coil and conse- 
(piently the flux available for clo^ing the contactor are dependent 
upon the line voltage and the coil resistance. In the alternating- 
current contactor, the current is dependent upon these factors and in 
addition upon the reluctance of the circuit, the frequency of the sup¬ 
ply, ami the number of turns in the coil. Alternating-current con¬ 
tactor.*^ are quite sensitive to slight changes in voltage and frequency 
and are likely to overheat if the voltage is higher or the frequency 
lower than normal. On the other hand, if the voltage is lower than 
it should be or the freciuency higher, the contactor may not have suflS- 
cient closing jiull and will become noisy because it will start to open 
each time the vt)ltage passes through zero. 

Two types of alternating-current magnets have been in general use. 
One type is similar to the direct-current magnet in that the coil is 
mounted upon a core which extends clear through it, and the arma¬ 
ture is a straight piece which seats against the end of the core. A 
more efficient type is the so-called hammer-head magnet in which the 
armature projects inside the coil. The hammer-head magnet has a 
higher initial closing pull but a lower sealing pull as compared to the 
first type of magnet described. 
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One design of alternating-current contactor has the magnet in the 
center of the two contacts. A more flexible arrangement is to have 
the magnet at the side of the contacts. This arrangement allows the 
same magnet to be used for contactors of one, two, three, or four poles 
by simply changing the length of the contact shaft. It also permits 
the use of a simple square shaft on which the contacts are mounted 
and which is easily insulated. 



Alternating-current contactors are shown on the controllers of Fig>. 
172, 176, and 218. 

Shading Coils. With alternating current the pull of the contactor 
closing coil reverses in direction at each cycle, an<l each time that this 
reversal occurs the flux passes through zero and tlie contactor tends 
to open. Some means must be provided to overcome this tendency, or 
else the contactor will be extremely noisy and probably will soon 
hammer itself to pieces as a result of the vibration. 

The tendency to open with eacli reversal of flux is overcome by 
mounting a small auxiliary coil in a slot in the contactor face. This 
is called a shading coil. It may be a single loop of wire or strap, or 
it may be several turns of wire. At any rate, it is short-circuited and 
depends for its action upon the flux induced in it by the main flux. 
W^ith reference to Fig. 149, 1 represents the moving annature of the 
contactor and 2 the stationary frame; 3 is the main operating coil of 
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the contactor. The shading coil 7, embedded in the riot 4, is shown 
as a single short-circuited loop of wire. The main flux 5 passes partly 
through the shading coil and partly outside of it. This induces alter¬ 
nating current in the shading coil. The resistance and reactance of 
the shading coil itself are in such proportions that the induced current 
is out of phase with the main flux by approximately 120 degrees. 
Therefore, whenever the main flux is approaching or passing through 
the zero point there is an auxiliary flux from the shading coil which 
is holding the contactor tightly closed, and when the auxiliary flux is 
at the zero point the main flux has again built up to a safe value. 

Shading-coil design is largely a matter of cut and try. Different 
coils are usually mounted in a contactor frame, and the pull is meas¬ 
ured by means of a scale. Curves are plotted of pull in ounces against 
cross-section of the shading coil. However, the coil w’hich gives a 
nviximum pull cannot always be selected, because the question of 
wattage loss in the C(»il also enters into the problem. Someivhere in 
the neighborhood of one-third of the iron loss in the contactor frame is 
due to the shading coil. The loss caused by the shading coil increases 
with the cross-section of the coil; it can be measured by measuring 
the wattage taken by the closing coil of the contactor. The final 
design must then be a compromise between w’attage and pull. Shading 
coils are sometimes punched out of a solid piece, so that there wdll 
not need to be any joints in the coil. If a joint is unavoidable, it is 
usually welded to insure a low resistance and also to insure a joint 
which will not loosen under the vibration caused by the alternating 
current. 

With well-designed shading coils, alternating-current contactors can 
be made to operate very quietly. A broken shading coil will make 
its presence known, as the contactor wdll immediately become ex¬ 
tremely noisy. Such a condition should be remedied at once, as the 
contactor will be subject to overheating and will soon cease to operate 
projH'rly. 

If the surface of the armature and the magnet frame becomes dirty 
or rusty, the contactor will not seal properly and will become noisy. 
These surfaces are usually fitted ver\' accurately by the manufacturer 
and are then greased to prevent rust until such time as the contactor 
is put into operation. The layer of grease or Vaseline should be re¬ 
moved when the contactor is about to be used, as the operation of 
the contactor will tend to keep the magnet surface clean. 

Alternating-current Coils. Direct-current contactor coils have a 
large number of turns and a high ohmic resistance. The current 
through them is limited by the resistance. In alternating-current 
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coils, the current through the coil is limited by the impedance of the 
circuit, and the reactance has a greater efiFect than the resistance. 
Consequently, the resistance of an alternating-current contactor coil 
is low, and the number of turns is relatively small. It is possible, 
therefore, to use heavier wire for these coils, which is fortunate for 
several reasons. With a relatively small number of turns there is a 
higher voltage drop per turn. Also, the alternating-current coils are 
subject 4o continuous vibration caused by the reversal of the flux. A 
short-circuited turn in a direct-current coil does not do any particular 
damage, merely reducing the resistance of the coil a very slight amount. 
An alternating-current coil, however, will be ruined by a short-circuited 
turn. The short-circuited turn acts as the secondaiy' winding of a 
transfonner, the primarj’ of which is the winding of the rest of the coil. 
A hea\’y current is induced in the short-circuited turn, which will 
overheat and bum out. 

For the above reasons, insulation is of greater importance in alter¬ 
nating- than in direct-current coils. It is customary to use a double- 
insulated wire and to impregnate the coils thoroughly with a binding 
compound. On the other hand, the outer covering of the coils is not 
quite so important as it is with direct current, becau^e high voltages 
due to self-inductance will not lie present, and furthermore the danger 
from electrolysis is not so great. 

Inrush Currents. With a direct-current magnet, tlie current in the 
coil is the same whether the contactor is opened or closed. However, 
with an alternating-current magnet, the current in the coil is largely 
determined by the reactance of the circuit, which is lower when the 
contactor is open, because of the air gap in the magnetic circuit. 
Therefore, there will be a high inru>h of current through tlie coil when 
the contactor is first connected to the Mipply line. The inru.*-h may 
be five to twenty times as high as tlie current which will flow through 
the coil when the contactor has closed. This fact mu.<t lie taken into 
account when alternating-current contactors and relays are u>e<l, and 
care must be taken that the pilot device which handles the coil circuit 
has ample capacity to pass the inrush current. Since the current 
through the coil is automatically reduced as soon ii> the contactor has 
closed, it becomes unnecessary^ to insert protecting resistance as is done 
with direct-current coils. 

The fact that the inmsh current is so much higher than the sealeil 
current makes it undesirable to tic alternating-current contactors 
together mechanically, since, if anytliing happens to prevent one 
contactor from closing, the coil of the other will be burned out. 
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Furthermore, when two alternating-current contactors are tied together 
mechanically, there is a good possibility of their chattering and being 
noisy unless the mechanical link is very carefully designed and applied. 

Remote Control. When controlling an alternating-current contactor 
from any considerable distance, the inrush current to the coil must be 
taken into account, since this current will cause a relatively high 
voltage drop in the control line between the contactor and the push¬ 
button station. If the voltage drop is too high, the contactor coil will 
not have sufficient voltage to enable the con¬ 
tactor to close. In such an installation the 
inaxinuim allowable resistance of the control 
circuit should be calculated, and the size of 
wire for the control circuit should be so se¬ 
lected that the resistance will be below that 
value. 

The maximum allow’able resistance of the 
control wire f(»r a given installation may be 
calculated as follows: 

It is first necessary to measure the ohmic 
resistance of the coil of the contactor and 
tlie inrush current which occurs when the 
contactor is open. This may be done by 
holding the ccintactor open by hand until the 
value of the current is read. With reference 
to Fig. 150, the line OA is laid out so that 
its length repre.'-ents the resistance drop of the coil on inrush current; 
that is. it is a v(»ltage eiiiial to the ohmic resistance of the coil, multi¬ 
plied by the inrusli current. The line ()(" is draw’n at a right angle 
to OA, From A the line Ali is drawn to intersect the line OC. The 
h»ngth of AH should be such that it represents 90 per cent of line 
voltage. This is on the assumption that the minimum voltage across 
the coil on inrush should be 90 per cent of normal line voltage, in order 
to secure proper operation. Line AH then represents the voltage across 
the coil, and OH represents the reactance drop in the coil. From the 
p(»int H the line HI) is <lrawn to intersect the base line. The length of 
the line HI) is selected to repri'sent full line voltage, or, in other words, 
this length is 1.11 times the length of AH, The line AD then repre¬ 
sents the atlditional resistance drop which may be includeit in the line 
in ordef to obtain JK) per cent of normal voltage across the coil on 
inrush. Dividing the value of AD by the value of the inrush current 
will then give the ohms allowable in the line, and from a wire table 
the proper size of wire can be selected. 



150. Calriilation of 
Line ResL^tance. 
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If the line has already been constructed and is of too high a resist¬ 
ance, or if it is necessary’ to use a size of wire which will give a line 
of too high a resistance, the solution of the problem is to choose a 
small relay which will have a lower value of inrush current. The relay 
in turn will control the coil of the contactor which is to be operated. 

Oil-immersed Contactors. It is sometimes necessary to use con¬ 
tactors which have their live parts immersed in oil. Such a contactor 



Fig 151 Oil-immor-ed Contador Oil Tank Rtrooxul 


is shown in Fig. 151. The magnet which clo'^es the contactor similar 
to the magnet used for an air-break contactor, and it is mounted 
outside of the oil tank. The armature of the magnet operate*^ a rod 
which extends dowrn into the oil tank and conneeth to r hhnft on which 
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the contacts of the switch are mounted The tank is arranged to be 
easily removable, so that the contactor parts and the oil may be 
inspected frequently 

Sometimes the entire contactor, including the magnet structure and 
the roil, IS immersed in oil 

Control-voltage Transformer. There is a considerable hazard in 
using \oltagcs higher than 230 \olts for control circuits Although 
pushbuttons and other pilot de\ ices are usually designed with spacings 
suitable for 600 volts, faults, breakages, careless wiring, etc , may 
subject the operator to a shock \\hich could be serious with higher 
\oltag(‘- Lower control \oltages also reduce the risk of insulation 
bnakdown and grounding in the control wiring and the pilot devices 
it Is common practice to use a eontrol-\oltage transformer to 
|)ioMde 110 \olts, or some other suitable low \oltage, for the control 

CIK lilts 

Tiaiisformers designed for general-purpose use are usually not suit- 
abli loi (ontiol work, because they are designed for relatnely constant 
loa<U \Mien a contactor is energized, the initial current may be 15 
oi 20 times thi (unent recpiiied after the contactor closes The 
tiaiisfoimei must be able to supply the required high inrush current 
witliout dropping its \oltage more than 5 per cent Since the trans- 
foimei \oltage-ugulation (iir\e will \ary with the power factor of 
till load till selection of the profier transfonner in\ohes an analysis 
of till entile contiol circuit 

To di til mini the size of tiansformer which is necessary for any 
gneii installation, the maximum possible iniush current obtained at 
an\ oni timi should be caliulated The current and power factor 
of laih lontaitoi loil both when first eneigized and when closed, 
ail ditiimined Thin the \aiious combinations of closed contactors 
and lontactors just eneigizeil are compiled, and the total cuirent and 
its powir factoi undei tin woist condition aie calculated With this 
inionnation ami a set of cur\es for the a\ailable tiansformers, a 
suitabli tiaiisfoimei can be selected, it being kept in mind that the 
\oltage must not drop bilow ^5 per cent of noimal rated \oltage, 
with latid contiollii \oltage on the primar>’ winding 

The tiaiisfoimei will aNo be riquiied to cariy* the sealed current 
of the maximum number ot contactors which are closed when the 
equipment is running, consequently it should ha\e a kilovolt-ampere 
capai itv equal to this continuous current multiplied by the line voltage 
For some installations this continuous capacity will be the determining 
factoi. but fot most installations it will lie the inrush condition wrhich 
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deteimines the size of transformer required. The transformer must 
meet both conditions. 

Consideration must also be given to the open-circuit secondary 
voltage, which should not be much higher than the secondary voltage 
at rated load. The reason for this requirement is that at times only 
one small relay or contactor of a controller may be energized, and if 
the voltage is too high a damaged coil may result. 

Control Relays. Alternating-current control relays, that is, purely 
shunt relays, are similar to alternating-current contactors, except that 





Fig 152 Small Contiol H< l.i\ 

they are smaller and have liglitcT eontact>. They are arrange<l witli 
various combinations of normally open and normally elo'^ed eontaet.s, 
to suit the convenience of the control doigner. They may be e{iuipj)ed 
with magnetic blowout> and with mechanical interlock^, iu>t a> the 
larger contactors are equijijied. Figure 132 >ho\\'> a small three-pole 
double-throw shunt relay, having a rating of 15 ampere.*^ on the nor¬ 
mally open contacts and 10 ampere^ on the normally clo>ed contacts. 
Designed especially for small size, it ia 2.75 inches higli, 1.75 inches 
wide, and 2.2 inches deep. 

Accelerating Relays. Figure 153 ^hows an alternating-current series 
accelerating relay. The relay has three coils, which are connected in 
the secondary circuit of a slip-ring motor. The relay is used for the 
purpose of causing a contactor to short-circuit a step of resistance at 
the proper time. The three coils are used so that then* will l>e a 
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balanced three-phase pull on the armature of the relay at all times. 
This insures that the relay will operate positively, and open and close 
at a definite value of current. The contacts of the relay are normally 
closed. When the motor is connected to the line, there will be an inrush 
of current in the secondary winding which will cause the relay to open 
its contacts. After the motor has accelerated to a predetermined speed, 
the current will have fallen to approximately the normal full-load 



Fig. 153 .VltPinatmp-cunent Sorio> Relay. 

running current of the motor. The relay will be adjusted to close its 
contact.^ at that point and >hort-circuit the starting resistance. The 
opening point of the relay is determined by the adjusting tension 
^''pring. which oppo>e.s the pull of the coils. The closing point of the 
relay is set by moving in and out three metal plugs, which are shown 
in the armature member. These plugs consist of an outer shell of 
steel, which may be moved in and out to determine the magnetic 
gap when the relay is de-energized. Inside this shell there is a brass 
screw, which may be independently moved in and out to determine 
the magnetic gap when the relay is energizi^d. The amount of the gap 
when the relay is de-energized has an effect on the point at which the 
relay armature will be attracted to the core, and the amount of the gap 
when the relay is energized iletermines the point at which the relay 
armature will move away from the core. One adjustment, therefore, 
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affects the closing point of the relay, and the other adjustment the 
opening point. 

Relays of this type may also be used as jamming relays, when they 
are set to open and insert a step of resistance in the secondary winding 
of a slip-ring motor if the motor becomes overloaded beyond a certain 
amount. Jamming relays are used in connection with installations of 
machinery which is subject to frequent high peaks of load. Such an 
installation will be provided with a heavy flywheel. When tlie load 
starts to build up, the jamming relay will operate, cutting resistance 
into the secondary circuit of the motor. The motor will then slow 
down, and the energy necessarj’^ to carry through the period of peak 
load will be taken from the flywheel. When the peak load is passe<l 
and the current has again dropped off to nonnal, the jam relay will 
allow the resistance to be cut out and the motor will bring the flywheel 
back to full speed. In this way high peaks caused by a heavy inter- 
mitteut load may be reduced. 

Magnetic Overload Relays. Magnetic overload relays for alternat¬ 
ing current are similar to those for direct current, exce|)t that the 
plunger is usually slotted or laminated to prevent heating, and the 
dashpots are arranged for longer timing. Single-coil relays of this 
type are available, but, since the majority of alternating-current work 
is three-phase, double-coil relays like that shown in Fig. 154 are more 
generally used. These relays have two coils, each operating its own 
plunger and each connected in one phase of the motor circuit. TIutc 
is only one set of normally closed contacts, and either jilunger will 
open this set of contacts when an overload occurs. The trij)ping jmint 
is adjusted by moving weights in and out on levers attached to the 
plunger. The weights oppose the movement of the plungtT. 

Relays of this type may be arranged to be reset by hand or to reset 
automatically when the overload is removed. It is not practicabh* to 
arrange them with shunt coils to hold the plunger tripped when it has 
once operated, as is done with direct current, because there will be a 
transformer action between the series and the shunt coil which will 
prevent proper operation of the relay. 

Although magnetic overload relays are still used for the protection 
of alternating-current motors, they have been largely replaced by the 
thermal type, especially on controllers for small motors. 

Phase Failure Relays. Phase failure relays are used to prevent the 
starting of an alternating-current motor if one of the phases has 
been reversed, and also to prevent its starting if one phase has been 
disconnected by the blowing of a fuse or by some other means. 
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Attempting to operate the motor with one phase open will result in 
overheating and damage. Operating with one phase reversed will 
reverse the motor and cause it to run in a direction opposite to that 
wliich is anticipated. Such a reversal of direction might cause serious 
damage and danger to life, especially in hoists and elevators. 



Fig. 154. Duplex Overload Relay. 


The plui^^e failure whiy >ho\vn in Fig. 155 is in reality a small 
induction motor, the armature of which has a limited angular move¬ 
ment jus^t sufficient to operate a sensitive pilot switch. The armature 
is a disk, to which the contact mechanism is coupled, and which is 
biased to the open contact position by a spring. The relay has four 
series coils, two of which arc connected in one motor phase, the other 
two being conncctetl in a second motor phase. The combined effect 
of these coils is to produce a torque which turns the disk, overcoming 
the spring, and causes the contacts to close. If one phase is open, 
there will be no torque. If one phase is reversed, the torque will rotate 
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the disk in the opposite direction and will open the contacts. A shunt 
coil at the top of the relay operates a holding brake, which prevents 
the relay from tripping when the motor is disconnected from the line 
under normal operating conditions. 

Whether or not a phase failure relay will protect a running motor 
on the failure of one phase depends on the load of the motor. If the 
motor is heavily loaded, and running single phase, the terminal voltage 
will be unbalanced sufficiently to cause the relay to open. However, 

if the motor is running slightly 
loaded, it will continue to maintain 
a polyphase voltage across its ter¬ 
minals even when running single 
phase. The relay is ordinarily con¬ 
nected close to the motor, and, 
therefore, an open circuit in one 
phase will nearly alwa>> occur be¬ 
tween the relay and the power sup¬ 
ply. This leaves the relay con¬ 
nected to the motor, and it will be 
maintained in a close<l poMtion by 
the polypha^e voltage of the motor. 
It w’ould be highly desirable to >hut 
the motor down in ca?e a ]>ha'-e 
oj)ened for any reason while the 

Fio. 155. Westinghouse Type^RX moti.r ^va^ runninfr. However, since 
Single-phase, Phase-reversal Relay. condition® at the relay are the 

same wliethcr the ]>hasc is open or 
not, the matter presents some difiBculty. and .‘•o far as the writer knotw 
no phase failure relay has yet liecn developed which will shut down a 
slightly loaded motor upon failure of one pha®e. 

Voltoge Relays. Relay.s to open and clo®c on a definite voltage are 
sometimes required. Such relays must neee-sarily he verj' light. The 
magnetic gap must be kejit small so that the inrush current will not 
be very much greater than the sealed current. If this i> not done, the 
relay coil will be likely to bum out, since the voltage may ri»c almost 
to the value for which the relay is set, and then remain there for some 
time. The relay would not be able to close, and the coil would probably 
burn out owing to the duration of the inrush current. The dropping- 
out point also presents scmie difficulty, as the relay is likely to become 
very noisy if the voltage has been reduced almost to the point for 
which the relay is set to open. It is possible to design relays for this 
purpose if the magnet gap is kept small and the contact i)ressure very 
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light. However, a relay of the induction-motor type, as, for instance, 
the phase failure relay, is more suitable for definite voltage settings. 

Thermal Overload Relay. Until the thermal type of overload relay 
was developed, no very satisfactory device was available for the pro¬ 
tection of an alternating-current motor. Magnetic overload relays, 
fuses, and circuit breakers either fail to protect the motor suflSciently 
or else they trip too soon, causing an unnecessary delay. 

Most alternating-current motors are rated on the basis of 40 C 
ambient temperature, and the final safe temperature will be approxi¬ 
mately 95 C. The time required for a motor to reach an unsafe 
temperature will depend upon the amount that it is overloaded. Since 
the heating varies as the square of the current, the time required 
to reacli tlie final temperature of 95 C under different amounts of 
overload varies inversely as the square of the current. 

An ideal overload relay would have a tripping cur\’e of the same 
shape, and following just below the motor curve. The thermal type 
of overload relay has a tripping characteristic more nearly approaching 
the ideal than that of any other type of overload relay. It has the 
further a*lvantage that, since its tripping is dependent upon heating, 
the relay automatically compensates for differences in room tempera¬ 
ture. On a cool day a motor will carry a greater load without danger 
tluin it will on a hot day, and the thermal relay will also require a 
higher current to trip it. 

\^’hen a s(piirrel-eage motor is connected directly to the line to start, 
it draws a starting current which is commonly six to eight times its 
normal running current. Fu>es used to protect such a motor must 
not blow out on the high inrush current, and in order to meet this 
rcfiuirement it is neces^ary to .'•elect fuses of approximately three times 
motor rating. Xo protection, therefore, is afforded to the motor on 
any overload below 3(K) per cent. Forty-degree-rated motors will 
carry 15 per cent overload continuously without danger, but any 
overload above this value will bum out the motor if the overload 
persists long enough. Fuses, therefore, do not furnish adequate pro¬ 
tection. They are necessary to take cai*e of short circuits or very 
heavy overloads. Under these conditions the fuse should blow* out 
before the thermal relay trips, as othen^ise the contactor operated by 
the relay will be reipured to open short-circuit current and may be 
damaged in doing so. 

These characteristics are illustratetl by the curves of Fig. 156, which 
show that the thermal relay will adequately protect the wiring, and 
that the fuse will blow first on a lieavy short-circuit current. The 
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cun^es also show that the thennal relay will allow the motor ample 
time to accelerate. The heating curve of the motor itself is consider¬ 
ably above the curve of the thermal relay for the short period of time 
covered by the curve, but at slightly longer time the curves come more 
closely together, until they practically coincide at a time of 1 hour. 
In other words, if the particular type of relay for which these curves 


I200r 



20 30 40 

Seconds at selected current 

Fx. 156. Curves Showing the Protection of Motor an<i Wiring b/ Tlu-rnml 
0>eiload Relav and hv 


were made was set to open the circuit on an overload of 15 per cent, 
it would do this in approximately 1 hourV time, and on any higher 
overload would trip in a shorter time. Under any overload above 15 
per cent, the tripping time would be shorter than the time rerpiired 
for the motor to reach a dangerous temperature. 

Many different chemical and physical properties have been utilized 
in the design of thermal relays, as, for instance, the exten.sion of a 
rod, the bending of a bimetallic strip under heat, the change of a 
liquid to a gas, and the change of a solid to a liquid. The type of 
relay depending upon the change of a liquid to a gas has commonly 
employed mercury. The relay depending upon a change of a solid 
to a liquid uses a slow-melting fusible metallic alloy. Of all tyj)es, 
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the bimetallic strip relay and the fusible alloy relay have been the 
most successful. 

Bimetallic Relays. The bimetallic relay (Fig. 157) has two heaters 
in series with the circuit to be protected, and above these heaters are 
two strips of bimetallic material which act as latches for the contact 
members. When the relay is closed, the contacts are held together by 
the latches. Bending of the bimetallic strips, under the heating of 
overload current, will release the latches and allow the contacts to 



Fig 157. (nwral Klrttiu* Two-polo Temponituro 0>oiload Relay, with Detach- 
ul)l(' Heater and Thermal Unit. 

open. Adjii>tnient In u^ually nuide by varjdng the distance that the 
bimetallic strip must move before tlie relay will trip. 

The bimetallic relay has a number of different fonns. The requisite 
design details are; protection for the bimetallic strip to avoid acciden¬ 
tal bending, avoidance of friction, a method of adjustment, and ample 
current capacity in the heaters. 

One type of bimetallic relay matle hy the General Electric Company 
has the bimetal strip wound in a helix, and instead of a heater element 
it uses a coil connected in series with the motor. The bimetal helix 
is in the center of the coil, and is heated by induction. When heated 
by an overload current it unwinds slightly and causes the relay 
contacts to open. 

Fusible Alloy Relays. The thermal element of the fusible alloy 
relay shown in Fig. 158 consists of a small tube, in the bottom of 
which are a quantity of a special low-melting alloy and a shaft which 
extends into the tube. The tube is fixed to the base of the relay. So 
long as the alloy is unmelted the shaft is prevented from turning. A 
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gear wheel of insulating material is mounted on the outer end of the 
shaft. A heater coil, of Nichrome wire or strip, is mounted in a cover 
of molded insulating material; it is so arranged that when the cover 
is in place the heater surrounds the tube containing the fusible alloy. 
Adjustment is made by sliding the covers up or down, which changes 
the location of the heater with respect to the tube. There are two of 
these thermal elements. When the contacts of the relay are closed, 
they are held in place by latches operating in the teeth of the two 



Fig. 158. Fusible-alloy Type of Thermal Overload Relay. 


gear wheels. The contacts are biased to the open position by means 
of a spring. When an overload occurs the heater becomes warm 
enough to melt the fusible alloy in the tube. When the alloy melts, 
the shaft and gears are free to turn, and under the pressure of the 
contact spring they do turn and release the latches. This allows the 
contacts to open with a quick break. Turning of either of the shafts 
will release the contacts. To reset the device, the contacts are simply 
pushed back into place until the latches catch. A short time must be 
allowed for the alloy to cool and harden. Fusible alloy relays in 
different forms are made by several manufacturers. This type of relay 
is quite accurate in its tripping point. The success of the relay is 
dependent to a considerable degree upon the fusible alloy used. 
Eutectic alloys have the most desirable characteristics, since they 
have sharp melting and freezing points and do not have a range of 
temperature in which the metal is mushy. Also eutectic alloys, not 
being liable to segregation, maintain their characteristics over long 
periods of service. 
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Rating of Thermal Heater Coils. The ampere rating of a heater 
coil for a thermal overload relay is determined by testing it for the 
minimum current which will cause the relay to trip open, the heater 
being installed in an overload relay, and the relay being in a 40 C 
ambient temperature. This current having been determined from the 
average of a number of tests on duplicate heaters, the value is multi¬ 
plied by 1.05 and the product becomes the heater rating. The 5 per 
cent is added to make allowance for variation in the wire of the coil 
and for variations in the manufacturing process, and to insure that 
the heater will always trip at its rating. In designing a line of heater 
coils, a ratio between sizes of 10 to 15 per cent is used. Assuming 
that the coils are 10 per cent apart, the motor rating of a heater may 
be determined by dividing the heater rating by 1.25 to get the minimum 
motor rating, and then multiplying the minimum rating by 1.10 to 
get the maximum motor rating. For example, assume a heater rated 
0.238 ampere. The minimum motor current for which this heater 
should be used is 0.238 divided by 1.25, or 0.190 ampere. The maxi¬ 
mum motor current is 0.190 multiplied by 1.10, or 0.209 ampere. Since 
the heater will trip on any current at or above its rating, a motor 
having a normal current of 0.209 ampere will be protected on any 
overload of 114 per cent or higher, and a motor having a full-load 
current of 0.190 ampere will be protected on any overload of 125 per 
cent or higher. Motors designed in accordance with NEMA standards 
have a 15 per cent service factor, which means that they can run 
continuously at 115 per cent of full load without injury. They are, 
therefore, suitably protected by a heater designed on the above basis. 
If too small a heater is used, the overload relay will trip out on 
overloads which the motor could safely carry, and unnecessary shut¬ 
downs might occur. 

Effect of Ambient Temperature. It is customary to test and rate 
thermal overload heaters on the basis of 40 C ambient temperature, 
becausq.that is the basis of rating the motor and represents about the 
worst service conditions. However, it is the usual practice to publish 
time-current characteristic curves on the basis of 25 C ambient tem¬ 
perature, because anyone making a test in the field is likely to be 
making it in about that temperature. Any curve may be changed 
from one ambient basis to another by the following equation: 

h '^T-b 



338 ALTERNATING-CURRENT CONTACTORS AND RELAYS 


where /« = amperes to trip in a given time at the lower ambient. 

Ih = amperes to trip in the same time at the higher ambient. 
a = the lower ambient in degrees centigrade. 
h = the higher ambient in degrees centigrade. 

T = the melting point of the alloy of the relay in degrees centi¬ 
grade. 

The value of T for Cutler-Hammer relays numbers 306, 307, and 
489, is 98 C. 

Derating Curves. When thermal relays are used as a part of an 
enclosed controller, it may be necessary to derate the heaters, because 
free ventilation is not available and the ambient temperature inside 
the enclosure may be relatively high. This is particularly true of 
small enclosures and accounts for the fact that the same heater may 
have several different ratings according to its application to a particu¬ 
lar controller. The amount of derating necessary can be determined 
only by test. 

Slow-trip Heaters. The current-time characteristics of thermal 
overload relays are designed to satisfy normal conditions. Many 
machines require an abnormally long time to come up to full speed, 
and, since the current of a squirrel-cage motor remains high until the 
motor is well up to speed, a standard heater coil would trip out during 
acceleration. For such applications slow-trip heaters are used. Some 
of these are specially built to have a greater mass of metal than a 
standard heater, so that more heat may be absorbed, and the relay 
element take longer to reach its tripping temperature. This does not 
change the rated ultimate tripping value but only lengthens the tripping 
time, to permit the motor to accelerate. Another way to accomplish 
the desired result is to connect the heaters through small saturated- 
core current transformers. These are designed to limit the secondary 
current, which flows through the heater, to about three times normal 
current, regardless of the amount of the primary or motor current. 
The heater is then not subject to a high current during the long 
accelerating period and so will not trip prematurely. 

Use of Alternating-current Contactors on Direct-current Circuits. 
It sometimes happens that it is desirable to use an alternating-current 
contactor to commutate direct current, or to energize the coil of an 
alternating-current contactor by direct current. In the first case, no 
modification of the contactor is necessary, unless the conditions are 
unusual. However, if the magnet is to be energized from a direct- 
current source, it will be necessary to guard against sticking on residual 
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magnetism. This may be done by placing a strip or washer of 
non-magnetic material either on the armature or on the frame so that 
there will be a gap in the magnetic circuit when the contactor is closed. 

In designing a coil to operate on direct current, the inrush obtained 
on some standard alternating-current coil may be measured, and, since 
the turns in the coil will be known, the ampere-tums necessary to close 
the contactor may be calculated. A coil may then be designed to give 
the same ampere-tums when used on the direct-current supply. In 
general, it will be found that the wattage taken by the direct-current 
coil will be higher than that normally required by a direct-current 
magnet of a corresponding size. It may be quite difficult, if not 
impossible, to design a direct-current coil which will be good for 
continuous duty. It may be possible to design one which can be 
protected for continuous duty by the insertion of a resistor after the 
contactor has closed. However, even by this means it may be found 
difficult to get a coil which is satisfactory for more than part-time 
service. 

Use of Direct-current Contactors on Alternating-current Circuits. 

Since the frame of a contactor must be laminated when an alternating- 
current coil is to be used, it is generally not practicable to operate a 
direct-current contactor on alternating current. However, it is often 
desirable to use a direct-current control circuit, and to commutate 
alternating current on the contacts. This can be done if precautions 
are taken to prevent heating of the blowout structure. In general the 
heating may be reduced to a safe value by cutting slots lengthwise in 
the blowout core and also in the pole pieces at the sides of the blowout. 
Sometimes a core of copper or brass is substituted for the steel core. 

Standard Ratings. The following standard ratings are taken from 
NEMA Industrial Control Standards. 

The 8-hour open rating for a-c contactors shall be 15, 25, 50, 100, 
150, 300, 600, 900,1350, and 2500 amperes. 

The ampere ratings of contactors employed on standard enclosed 
across-the-line magnetic starters for induction motors shall be 90 per 
cent of their standard 8-hour ratings. 

This reduction in current rating is made because the enclosure of 
the contactor reduces the amount of ventilating air. 

Intermittent ratings for cranes and hoists are given in Table 22. 

When used for motor secondary control, the ampere rating of a 
three-pole contactor, with its poles connected in delta, is 1.5 times its 
standard crane rating. 



340 ALTERNATING-CURRENT CONTACTORS AND RELAYS 


TABLE 22 

Intermittent Ratings op A-c Contactors 


Crane Rating 


Standard 

S-hour 


Contactors in Motor Primary 

Rating, 


Horsepower at 

Horsepower at 

amperes 

Amperes 

m Volts 

440 and 550 Volts 

50 

50 

15 

25 

100 

133 

40 

75 

150 

200 

60 

125 

300 

400 

150 

300 

600 

800 

300 


900 

1200 

450 

m 

1350 

1300 

600 

1200 


Table 23 gives the ratings of high-voltage alternating-current con¬ 
tactors. 


TABLE 23 


High-voltage A-c Contactor Ratings 


Maximum Horsepower 
2200-2300 Volts 


8~Hour 

For Synchronous Motors 

1 

Rating 

100 Per Cent 

80 Per Cent 

For Induction 

unperes 

Power Factor 

Power Factor 

Motors 

100 

450 

350 

350 

200 

900 

700 

700 

400 

1750 

1500 

1500 



Maximum Horsepower 




4000-4600 Volts 



8~Hour 

Rating 

For Synchronous Motors 

100 Per Cent 80 Per Cent 

For Induction 

amperes 

Power Factor 

Power Factor 

Motors 

100 




200 

1500 

1250 

1250 

400 

3000 

2500 

2500 


Interrupting and Short-time Ratings. In addition to its regular 
duties of starting and stopping a motor, and occasionally opening the 
circuit under overload, a contactor may be called upon to open a line 
short circuit or to withstand such a short circuit long enough to permit 
a circuit breaker to operate or a fuse to blow and relieve the condition. 
The magnitude of a short circuit is determined by a number of factors, 
among them the capacity of the generating system feeding the lines, 
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the impedance of the lines, and the point where the short circuit occurs. 
A contactor is designed to handle currents within its capacity, and to 
do this many thousands, even millions, of times. A circuit breaker 
is designed to open very high currents, far beyond the capacity of a 
contactor, but normally it has to do this only a few times in its life. 
Mechanically, then, a circuit breaker cannot approach the operating 
life of a contactor. The usual practice is to install a circuit breaker 
or fuses for short-circuit protection, a contactor for operation of the 
motor, and an overload relay for motor protection. If a short circuit 
occurs, the contactor should have enough thermal capacity to carry 
the short circuit for the short interval before the breaker opens. 

Standard alternating-current air-break and oil-immersed contactors 
have the capacity to interrupt 10 times their normal motor rating. 
Note that this is their horsepower rating, not their ampere rating. 
They have a 1-second thermal capacity of 15 times the current corre¬ 
sponding to their horsepower rating. 

For those installations where the available short-circuit current may 
be very high, controllers specially designed for the purpose are used. 
These controllers are built in two types. In one type the contacts of 
the controller are used both for starting the motor and for interrupting 
a short circuit. If these contacts are those of a magnetic contactor, 
the contactor will not be the same one that is used to open operating 
overloads only. The other type of high-interrupting capacity con¬ 
troller uses the contacts of the controller for starting the motor, and 
fuses for interrupting a short circuit. In this type of controller the 
contactor need interrupt only operating overloads, and be able to 
carry the short-circuit current long enough to permit the fuse to open it. 
The fuses used are of the current-limiting type, having a temperature- 
resistance characteristic which to some degree limits the amount of 
current that can pass through them. High-interrupting-capacity con¬ 
trollers without fuses are built to interrupt short circuits of 25,000 
and 50,000 kva. High-interrupting-capacity controllers using current- 
limiting fuses are built to interrupt short circuits of 150,000 and 
250,000 kva. 
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Problems 

1 . An alternating-current contactor which is used on a 220-volt circuit has a 
coil with a resistance of 1.35 ohms. The impedance of the coil, with the contactor 
open, is 10.6 ohms. It is desired that the line voltage drop be no more than 
10 per cent of rated voltage. If the wire between the contactor and the push¬ 
button is no. 14, having a resistance of 2.525 ohms per 1000 feet, how far may 
the pushbutton be located from the contactor? 

2 . When the contactor of problem 1 is operated on 440 volts, the coil re¬ 
sistance is 5.3 ohms, and its impedance with the contactor open is 40.5 ohms. 
Calculate the maximum allowable resistance of the line between the contactor 
and the pushbutton, when the line voltage drop is limited to 10 per cent of 
rated voltage. 

3. If the impedance of the 440-volt contactor coil when the contactor is closed 
is 655 ohms, what is the current in the coil under the conditions of problem 2? 

4 . A contactor used on a 110-volt circuit has a coil with a resistance of 0.35 
ohm and an impedance of 2.9 ohms when the contactor is open. The coil is 
energized from a 550-volt circuit, through a 550/110-volt transformer having an 
effective impedance of 0.13 ohm. What is the voltage on the coil? 

5 . The melting point of the alloy in a thermal overload relay is 98 C, If the 
relay trips at 52 amperes in an ambient temperature of 20 C, at what current 
will it trip in an ambient temperature of 60C? 

6 . The melting point of the alloy of another thermal overload relay is 231 C. 
If this relay trips at 52 amperes in an ambient temperature of 20 C, at what 
current will it trip in an ambient temperature of 60 C? 

7 . If a thermal overload relay is found to trip at 50 amperes in an ambient 
temperature of 25 C, and at 40 amperes in an ambient temperature of 50 C, at 
what current will it trip in an ambient temperature of IOC? 

8. A direct-current contactor and an alternating-current contactor are mounted 
side by side, and their coils are energized continuously at rated voltage for 1 
hour. The temperature rise of both coils is the same. The next day a second 
test is made, the coils being energized intermittently. At the end of an hour 
the temperature rise of both coils is again found to be the same. Have the 
contactors been operated the same number of times? If not, which has operated 
the greater number of times? Explain the answer. 

9. A 110-volt 60-cycle coil for an alternating-current contactor has 230 turns 
of wire. Approximately how many turns will be required in a coil to oi)erate 
on 440 volts, 25 cycles? 

10. A number of tests of a certain thermal overload heater-coil design show 
that the average tripping current is 15.2 amperes. What is the heater rating? 
If it is desired to allow a motor to run at 15 per cent overload, but to protect 
it on any overload of more than 25 per cent, what is the range of motor full¬ 
load currents for which this heater is suitable? 
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AUTOMATIC ACCELERATING METHODS 
FOR ALTERNATING-CURRENT MOTORS 

The problem of finding a suitable means of obtaining automatic 
acceleration for an alternating-current motor arises principally in con¬ 
nection with the slip-ring motor. Most of the squirrel-cage motors 
are connected directly to the supply lines. When primary-resistance 
starting, autotransformer starting, or part-winding starting is used, 
there is ordinarily only one step of acceleration, which is controlled 
by a timing relay. This is also true of controllers for synchronous 
motors. It is only the slip-ring motor controller which is likely to 
have two or more steps of acceleration. 

The most commonly used methods of controlling the acceleration 
of slip-ring motors are: 

1. Timing relays operated by the contactors of the controller. 

2. Timing relays operated by their own magnets. 

3. Inductive time-limit acceleration. 

•4. Condenser-timed acceleration. 

5. Series relays. 

6. Frequency relays. 

Timing Relays. Figure 159 shows the connections for a controller 
having three contactors which commutate resistors connected in the 
rotor circuit of a slip-ring motor. When the start button is pressed, 
the contactor M closes, connecting the stator to the supply lines. A 
timing relay is mechanically connected to contactor M so that, w’hen 
M closes, the action of the timing relay is started. After the pre¬ 
determined time delay, the contacts of the timing relay close, energiz¬ 
ing the coil of acceleration contactor lA. A second timing relay is 
operated by the closing of lA, and the contacts of this relay close to 
energize the coil of accelerating contactor 2A. In a similar manner, 
any desired number of accelerating contactors may be controlled to 
close in sequence, and with any desired time delay between them. 
Figure 160 shows one of the timing relays. 

Magnetically Operated Timing Relays. Sometimes mechanical op¬ 
eration of a timing relay by a contactor is undesirable. The contactor 
may not have the ability to operate the relay and still operate itself 
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properly, or the contactor may have to operate several extra electric 
interlocks, and so be unable to operate a timing relay also. It then 
becomes necessary to equip the timing relay with a magnet of its own. 
The connections for an arrangement of this kind are shown in Fig. 161. 
Interlocks on the line contactor M provide a circuit to energize the 

Lines 

LI L2 L3 



Fig. 159. Acceleration by Individual Timing Relays Operated by Main and 

Accelerating Contactors. 

coil of timing relay ITR, which, af+er a time delay, closes its contacts 
and provides a circuit to energize the coil of accelerating contactor 1^4. 
When lA closes, its electric interlock sets up the circuit for the coil 
of timing relay 2TR, and, after time delay, for the coil of accelerating 
contactor 2A, The sequence may be continued for any desired number 
of accelerating contactors. This arrangement is a little more costly 
than the method of mechanically operating the timing relays. 

Inductive Time-limit Acceleration. The advantages of inductive 
time-limit acceleration are explained in Chapter 6, and these advan¬ 
tages apply to alternating-current controllers also. Of course, direct 
current is necessary for the operating of the inductive-delay mechanism. 
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Normally open, 
timed closing, 
instantaneous opening 



Fig. 160. Mechanically Operated Timing Relay. 
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If the accelerating contactors themselves are of the inductive-delay 
type, having one coil to close them and another coil to hold them open 
during the timing period, then the closing coil must also be operated 
by direct current. If the closing coil were operated by alternating 

Lines 



Fig. 161. Acceleration by Individual Timing Relays, Magnetically Operated. 


current, a very high current would flow through it while the contactor 
was prevented from closing, and the coil would probably bum out. 
The accelerating contactors therefore have direct-current magnets and 
coils, but have the contacts and arc-extinguishing blowout magnets 
arranged to handle alternating current. The direct current which is 
required is obtained by the use of a rectifier. Figure 162 shows a 
controller of this type. Although the electric circuit appears a little 
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complicated, actually the controller has a minimum of moving parts, 
and not many electric interlock contacts, so that it is well suited for 
use in places where there may be heavy accumulations of dirt, as, for 
example, on cranes in steel mills. 


Lines 

LI L2 L3 



Fig. 162. Inductive Time-limit Acceleration Using Rotor-circuit Contactors Op¬ 
erated from a Rectifier. 


When the line contactor M is closed, its electric interlock provides 
a circuit to energize the closing coils of all of the accelerating con¬ 
tactors, but they are prevented from closing because their holding-out 
coils are also energized. These holding coils are connected directly 
to the direct-current supply so that they are energized before the 
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starting button is pressed. This insures that they are at full strength. 
When M closes, a second electric interlock short circuits the holding 
coil of accelerating contactor lA, Being an inductive magnetic circuit, 
the strength of IHC dies away slowly, and, after the desired time 
delay, IHC releases and permits lA to close. Then the electric inter¬ 
lock of 1-4 short circuits the holding coil of contactor 2-4, and, in the 
manner described, the accelerating contactors are closed one after 
another in sequence and with time delay. The resistors in the circuits 
of the holding coils prevent line short circuits when the holding coils 
are short circuited. 

Capacitor-timed Acceleration. If separate direct-current timing re¬ 
lays are used, it becomes possible to use standard alternating-current 
accelerating contactors, and to operate them from the alternating- 
current supply. The rectifier then has only to supply direct current 
for the timing relays. These advantages must be weighed against 
the disadvantage of adding the timing relays to the controller. The 
complication of the circuit is about the same. Figure 163 shows a 
controller of this type. In the off position of the controller the coils 
of the timing relays are all energized through the rectifier, and the 
contacts of the relays, ICT, 2CT, and SCT, are open. These relays 
are of the inductive-delay type. When their coils are energized, their 
magnets close immediately, opening the electric contacts. When the 
circuit to the coil of one of the relays is opened, the coil is not 
de-energized at once, but is kept energized for a predetermined time 
by the discharge of the capacitor which is connected across the coil 
(see Fig. 58). When the contactor 3/ closes, its electric interlocks 
provide a partial circuit to the coils of the accelerating contactors, but 
the circuit is not completed because contacts ICT, 2CT, and SCT are 
open. A second interlock on M opens the circuit to the coil of timing 
relay ICT, and, after a time delay, contact \CT closes. The coil of 
1-4 is now energized, and 1-4 closes. Its interlock opens the circuit 
to the coil of timing relay 2CT, which, after time delay, closes the 
circuit to coil 2-4. Similarly, any desired number of accelerating con¬ 
tactors may be closed in sequence. 

Series Relays. It is occasionally desirable to use current-limit accel¬ 
eration in a control for a slip-ring motor, particularly where the motor 
is a large one and the starting time is long. A large continuous-rolling 
mill equipped with a heavy flywheel is a good example of such a drive. 
Such a mill might require a minute or more to come up to speed, and 
it might be desirable that the motor accelerate as far as it will on each 
step of the control, before the next step of resistor is cut out of circuit. 
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Current-responsive relays of the series type are used to control the 
acceleration (see Fig. 153). The connections for a series-relay con¬ 
iines 

LI L2 L3 



Fig. 163. Method of Timing Acceleration by Capacitor Discharge, with Timing 
Relays Oi)erated from a Rectifier. 

trailer are shown in Fig. 164. The series relays have three coils 
because a three-phase magnetic structure for a relay of this kind is 
more quiet in operation, and also more positive and accurate than a 
single-phase magnet. 
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The initial current inrush flows through the resistor and the coils 
of relay SRI. The relay operates in the same manner as the direct- 
current relay, opening its contacts before the main contactor interlocks 
close. The accelerating contactors are of the double-pole type, so 
that, w’hen lA closes, a step of resistance in each phase is short- 
circuited. The coils of relay SRI are also short-circuited, and those 
of relay SR2 are connected into circuit. This relay controls contactor 


RA R3 R2 Rl 



R2A R23 R22 R2l 



Fig. 164. Alternating-current Series-relay Acceleration. 

2A and, in like manner, the other accelerators are closed, until finally 
all the resistance is cut out of the circuit by the closing of 3A. 

These relays are not so sensitive as the direct-current series relay, 
and they require a wider range between the inrush current which opens 
them and the current at which they are set to close. 

Series relays may also be connected in the primary circuit to govern 
secondary contactors. Such relays are of a different construction as 
they must be insulated for line voltage. It will be noted that there 
is practically no voltage between coils of the relays of Fig. 164. The 
pilot contacts, of course, must be adequately insulated from the coils. 

Acceleration by Frequency Relays. When a wound-rotor motor is 
started, the voltage and frequency at the rotor slip rings are high. 
The frequency is the same as that of the power supply, and the actual 
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value of the voltage will depend on the design of the rotor winding. 
As the motor accelerates, voltage and frequency decrease together, 
until at synchronous speed they are theoretically zero. These charac¬ 
teristics may be used to control the motor acceleration by employing 



Fig. 165. Acceleration Based on Frequency. 


a group of normally closed relays which are arranged to close their 
contacts at definite values of voltage and frequency. The relays 
are then used to control accelerating contactors which commutate 
resistance in the rotor circuit. Figure 165 shows hovr a potentiometer 
resistor is connected into the rotor circuit, and the relay coil connected 
in series with a capacitor, and across the resistor. The combination 
of resistance, inductance, and capacitance results in a resonant circuit, 
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which means that there is a definite value of frequency at which 
a relatively very high current will flow. The relays can therefore 
be made to operate very positively and accurately at a given desired 
frequency. At the starting frequency the relays open at once. As 
the frequency decreases, the current in the relay coil increases, until 
the critical frequency is approached. The current then rises rapidly 
to double its value, or higher, and, when the critical frequency is 
passed, current decreases rapidly. The relays are set to close at the 
desired point on the decreasing current. The nature of the relay 
characteristic may be seen from the following test values for the 
current in the relay coil. 


Frequency 

Amperes 

60 

0.1 

55 

0.14 

50 

0.40 

45 

0.22 

40 

0.05 

30 

0.02 


Calculation of Accelerating Time. It is often necessary to calculate 
the time which will be required to accelerate or decelerate rotating 
machinery, when the available torque is known, or to calculate the 
torque which will be required to accelerate or decelerate in a desired 
time. 

If the torque available for accelerating or decelerating is constant 
throughout the speed range being considered, the time required may 
be calculated from the equation 

WR\N2 - Ni) 1 

Time m seconds =-X — [11 

308 T ^ ^ 

where W = weight of the rotating part in pounds. 

R = radius of g 3 rration of the rotating part in feet. 

Ni = the lower speed in revolutions per minute. 

N 2 ^ the higher speed in revolutions per minute. 

T = accelerating or decelerating torque in pound-feet. 

In calculations involving motor-driven machines, it is often con¬ 
venient to express the torque in per cent of the motor full-load rated 
torque. The equation then becomes 

_ . , WR^ (N2-Ni) S 100 

Time in seconds = 0.62 X-X-X-X- [2] 

H 1000 1000 r 
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In this equation, 

W = weight of the rotating part in pounds. 

R = radius of gyration of the rotating part in feet. 

H = horsepower of the motor. 

Nx = the lower speed in revolutions per minute. 

N 2 = the higher speed in revolutions per minute. 

S = speed of the motor at full load in revolutions per minute. 

T = accelerating torque in per cent of full-load rated torque. 

It should be noted that, in any of these calculations, the rotating part 
is assumed to be driven directly from the motor shaft, and to be 
rotating at the same speed as the motor. If there is gearing between 
the rotating part and the motor, this must be taken into account, and 
the figure used for the WR^ of the rotating part must be adjusted to 
a equivalent to direct connection to the motor shaft. 

Equivalent WR^ = WR^ X [3] 

where W = weight of the rotating part in pounds. 

R = radius of gyration of the rotating part in feet. 

N = speed of the rotating part in revolutions per minute. 

Nh speed of the motor shaft in revolutions per minute. 

By the use of equation 3, it is possible to calculate the TFJB- of a system 
including several rotating parts, which are rotating at different speeds. 
The WR^ of each part is adjusted to its equivalent and the 

equivalent WR- figures are added together to obtain the WR- of the 
whole system. 

Equations 1 and 2 apply when the accelerating or decelerating 
torque is constant, as, for example, when a mechanical brake is used 
to stop a rotating system. When a motor is used to accelerate a 
machine, or when dynamic braking is used for stopping, the torque 
in most cases is not constant. The equations will still apply if the 
tenn \/T is replaced by the tenn (1/T) average, where this term is 
the average of the reciprocals of the torques available during the 
accelerating or decelerating period. It is relatively easy to calculate 
the average of the torques available, particularly since, in most cases, 
the current peaks during the acceleration are equal. Sufiicient accuracy 
is usually obtained if the speed-torque curves are assumed to be 
straight lines. However, if the average of Tx and T* is calculated, 
and this value used in the equations instead of the average of the 
reciprocals of the torques, a very appreciable error will result. The 
time calculated could easily be incorrect by 25 per cent. The average 
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of the reciprocals of the torques may be determined from the average 
of Ti and T 2 by multiplying the latter by a factor K. The equation 
for the factor K is 



where Ti = highest value of the accelerating torque. 

T 2 5= lowest value of the accelerating torque. 

The use of factor K results in an equivalent torque which may be 
used in equations 1 and 2 with accuracy. 

Te = KT [5] 

Te = equivalent torque. 

T = average of T\ and T 2 - 

Figure 166 is a cur\’e showing values for the factor K, plotted against 
values of Ti/T 2 - 



Factors for converting average torque to equivalent torque 


Fig. 166. Factors for Converting Average Torque to Equivalent Torque. (Re¬ 
printed by permission from Factory Management & Maintenance, Feb. 1937) 

If the values of Ti and or either of them, vary on the different 
speed points of a controller, it is necessary to calculate the accelerating 
time on each step, and then add the times together. 

To illustrate the method of using these equations, consider a 100- 
horsepower 1750-rpm motor which is to accelerate a constant-torque 
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load having a total for motor and load, of 500 Ib-ft^. The con¬ 
troller limits the torque peaks to 150 per cent of motor full-load 
torque, and on each step the motor accelerates to a speed where the 
motor torque is 5 per cent greater than the load torque. 

The average of the accelerating torques = T = 


50 + 5 

-== 27.5 per cent 

2 


Tx 50 

The ratio — = — =10 
T2 5 

From the curve, iC = 0.71 

From equation 5, Te = 0.71 X 27.5 = 19.5 per cent 

From equation 2, 


500 (1750 - 0) 1750 100 

Time in seconds = 0.62 X — X-X-X-= 48.6 

100 1000 1000 19.5 


If the average torque of 27.5 per cent had been used, the calculated 
time would have been 34.5 seconds, representing an error of 29 per cent. 

The radii of gyration of a few frequently encountered shapes are 
given here for convenience. 


Solid cylinder about its own axis, 



where r = the radius of the cylinder. 

Solid cylinder about an axis through 

where L = length of the cylinder. 
r = the radius of the end. 

Solid cylinder about axis at one end, 

Solid cylinder about an outside axis. 


its center. 


= 


L + 3r2 
12 


R^ 


4L2 + 3r2 
12 


R^ = 


4L2 + 3r2 + \2dL + 
12 


where d = distance from center of gyration to bottom of cylinder. 

+ r2 

Hollow cylinder about its own axis, Rr =- 

2 

where ri = the inner radius of the rim. 

= the outer radius of the rim. 
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Problems 

1 . Draw an elementary* diagram for the main and control circuits of a con¬ 
troller for a slip-ring motor, including the following: 

Three-pole line knife switch. 

Two-pole control knife switch and fuses. 

2 three-pole reversing contactors. 

3 overload relays. 

4 two-pole accelerating contactors. 

Resistor. 

Low-voltage protective relay. 

Master controller having five speeds in each direction. 

Mechanically operated time-relay acceleration. 

2 . Draw an elementary* diagram for the main and control circuits of a con¬ 
troller for a slip-ring motor, including the following: 

• 

Three-pole line knife switch. 

Two-pole control knife switch and fuses. 

Three-pole line contactor. 

3 overload relay*s. 

2 two-pole accelerating contactors. 

2 magnetically-operated timing relays. 

Resistor. 

Jogging relay. 

Start, stop, and jog pushbuttons. 

3 . Draw an elementary diagram for the main and control circuits of a con¬ 
troller for a slip-ring motor, including the following: 

2 three-pole reversing contactors. 

3 overload relays. 

3 two-pole accelerating contactors. 

3 series relays. 

Low-voltage protective relay. 

Resistor. 

Master controller having four speeds in each direction. 

Limit switches for slowdown and stopping in each direction. 
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4 . A 50-horsepower 440-volt 61-ampere 3-phase 60-cycle slip-ring motor has 
rotor characteristics of 200 volts across the slip rings at standstill, and 118 amperes 
per ring when nmning at full load. During acceleration the current peaks are 
210 per cent of rated current, and the valleys occur at 120 per cent of rated 
current. The resistor is in three steps, and the time on the steps is in the ratio 
55-30-15. The total accelerating time is 20 seconds. 

(a) With timed acceleration, what is the setting of the timing relays? 

(b) With frequency acceleration, what is the setting of the frequency relays? 

(c) With series-relay acceleration, w’hat is the closing setting of the relays? 

(d) With inductive acceleration, what is the setting of the relays? 

(e) With series-relay acceleration, what is the maximum theoretical opening 
setting of the relays? 

6. A 75-horsopower 550-volt 75-ampcre 3-phase 60-cycle 1150-rpm slip-ring 
motor is used to drive a flywheel having an outer radius of 3 feet and an inner 
radius of 2 feet and weighing 200 pounds. The accelerating peak torques are 
210 per cent of rated torque, and the accelerating contactors are set to close 
at 110 per cent of rated torque. What is the of the flywheel? 

6. How long will it take the motor of problem 5 to accelerate the flywheel 
to full speed, neglecting the of the motor itself? 

7. If the TrR2 of the motor is 118 Ib-ft^, how long will it take the motor to 
accelerate the flywheel? 

8. If this motor could be supplied with a controller having a ver\" large number 
of steps, so that the accelerating peak torque could be kept essentially constant 
at 210 jier cent of rated torque, how long would it take to accelerate motor and 
load? 

9. A 250-horsepow’er 440-volt 302-ampere 3-r)hase 60-cycle 850-rpm slip-ring 

motor is used to dri\e a load having a of 800 Ib-ft-. The motor WB^ is 

900 lb-#t2. The controller has five speed points with peak torques and contactor 
closing points, a> given below. Calculate the time required to accelerate motor 
and load. 

Contactor 

Closing Point Peak Torque 

in per cent in per cent 

of Bated Torque of Bated Torque 


Initial 


125 

Contactor L4 

100 

150 

Contactor 2A 

100 

200 

Contactor 3A 

110 

250 

Contactor 4A 

no 

300 


10 . A 35-horsepower 550-volt 35-ampere 3-phase 60-cycle 1750-rpm slip-ring 
motor has a ir/i*- of 40 Ib-ft-. It is geared to a solid flywheel having a WB^ 
of 200 lb-ft2. The gear ratio is 5 to 1, so that the flyivheel speed is 350 rpm. 
What is the eqimalent ir/f- of the s>'stem? 

11 . How long will it take the motor to accelerate the system, if the torque 
peaks are limited to 166 per cent of rated torque, and the accelerating contactors 
close at 105 per cent of rated torque? 

12 . What will be the horsepovrer required of a motor w’hich w’ill accelerate this 
sj’stem in the same time, if the flywheel is directly connected to the motor shaft? 
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13 . A large mill consists of two rolls which are solid cylinders having a radius 
of 18 inches, and weighing 2000 pounds each. The mill is driven by a 150- 
horsepower 850-rpm motor, geared in the ratio of 5 to 1. The WR^ of the motor 
is 415 Ib-ft^. Dynamic braking is applied to the motor to stop the mill, the 
initial braking torque being six times the rated torque of the motor. How long 
will it take to stop the rolls? 

14 . How far will a point on the surface of the roll travel in the time between 
the pressing of the stop button and the stopping of the roll? 

16 . A factory wishes to know the WR^ of a machine which has a number of 
rotating parts. There are no drawings nor data available. An engineer gears 
the machine to a 25-horsepower 440-volt 32-ampere 1150-rpm slip-ring motor, 
having rotor characteristics of 300 volts and 40 amperes. The gear ratio used 
is 1 to 1. The machine is brought up to speed, and the following readings are 
taken: 

Rotor peak currents 84 amperes 

Rotor current w’hen contactors close 44 amperes 
Rotor current when running 40 amperes 

Time to accelerate 15 seconds 

What is the WR^ of the machine and motor, if the motor torque varies directly 
with the rotor current? 

16 . If the rotor current w’hen running had been 20 amperes, what would be the 
WR^ of the machine and motor? 

17 . If the running current is 20 amperes, the factory will probably decide to 
use a 15-horsepower motor to drive the machine. If the controller is designed 
to give the same percentage accelerating currents as the controller in problem 15, 
and the 15-horsepower motor has a TTi?- of 13 Ib-ft^ less than the 25-horsepower 
motor, what will the accelerating time be? 

18 . An extractor has a WR^ of 2000 Ib-ft^. It is to be accelerated to a speed 
of 1800 rpm by a constant torque of 100 pound-feet. Calculate the time required 
to accelerate. 

19 . Calculate the time required for the extractor of problem 18 to accelerate 
from rest to a speed of 100 rpm. 

20 . Calculate the time required for the extractor of problem 18 to accelerate 
from a speed of 1700 rpm to a speed of 1800 rpm. 

21 . Calculate the time required to decelerate the extractor by dynamic braking, 
the initial braking torque being 600 pound-feet and the final braking torque 
being zero. 
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Because of its mechanical simplicity, the squirrel-cage motor is ideal 
for constant-speed applications. It can safely be installed in out-of- 
the-way places or in places where gas, dirt, or moisture-laden atmos¬ 
pheric conditions prevail, and under these conditions it will perform 
satisfactorily with little attention. Since the motor has no commu- 



Fig 167 Disassembled Viev^ of Wagnei T\pe-CP Totally Enclosed Fan-cooled 
Motor (Comtesy Wagner Electiic Corporation) 

tator and no brushes, and is strongly constructed, it is able to stand 
high inrush currents without injury, and it is also easy to service and 
maintain. 

Since both the stator and the rotor of a squirrel-cage motor carry 
alternating current, the motor is non-synchronous, and its speed is 
not strictly constant. The speed wall vary with the load on the motor 
and with the frequency of the powder supply. However, the speed is 
essentially constant, and the motor does not lend itself readily to speed 
variation or regulation. 

Construction. Figure 167 shows the construction of a squirrel-cage 
motor. The stator, or stationary member, is a laminated framework 
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into which are wound wire coils for connection to the power supply. 
The laminations are made of high-grade annealed sheet iron, and the 
outer framework usually of fabricated steel plate. The rotor also is 
a laminated structure, having slots into which copper or aluminum 
bars are fitted. All the bars are connected together at each end by 
metal end rings. Blowers are used on each end of the rotor to supply 
cooling air, and air passages are provided in the larger rotors to per¬ 
mit circulation of the air through the rotor iron. The slots in the rotor 
are usually slightly skewed to reduce magnetic vibration and to insure 
a uniform torque for all rotor positions. The end plates of the motor, 
which house the bearings for the shaft, are usually cast of iron or steel. 
The motor takes its name from the similarity of the rotor construction 
to that of a squirrel cage. Since there are no brushes, no commutator, 
and no wire windings, it follows that no connections can be made to 
the rotor. 

Rotating Field. When polyphase alternating current is applied to 
a stator winding, the resultant magnetomotive force is the vector sum 
of those phases. The resultant field rotates around the stator at a 
speed depending on the frequency of the supply voltage. This is 
shown in Fig. 168, in which the top sketch represents a three-phase 
two-pole stator winding, the center sketch shows the relation of the 
phase currents, and the bottom sketch shows the vector relationship. 

Referring to the top sketch, winding 1 will create a magnetic field 
in a north-south direction, varying from a maximum north pole di¬ 
rectly north to a maximum south pole directly north. Winding 2 will 
create a field 120 degrees out of phase with winding 1, having a maxi¬ 
mum north pole 30 degrees south of west. Winding 3 will create a 
field 240 degrees out of phase with winding 1, having a maximum north 
pole 30 degrees south of east. Referring now to the center sketch, and 
calling the north direction the positive, or north, pole, it is evident 
that at point A in the cycle phase 1 is at its maximum positive value, 
while phase 2 and phase 3 are each at half of their maximum negative 
value. Adding these vectorially shows that the resultant north pole 
is at a point in the winding directly north. 

At point B the conditions have changed so that the resultant north 
pole is 60 degrees west of north. At point C in the cycle, the north 
pole is at 30 degrees south of west, and at point D it is directly south. 
In the remaining half of the total cycle, the north pole continues to 
move around the stator winding, until it has returned to its starting 
point, directly north. Points A, B, C, etc., have been selected for easy 
calculation. Measurements made from the curves at any point will 
show the position of the north pole at that point. The demonstration 
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therefore shows that for each complete cycle of the alternating current 
the stator field rotates 360 electrical degrees, which in the two-pole 
machine is also 360 mechanical degrees around the winding. If the 
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Fig. 168. Rotation of a Three-phase Motor Field. 

power is supplied at 60 cycles, the speed of field rotation will be 3600 
rpm. The three individual phase windings may be located in only a 
portion of the stator frame, with one or more additional sets of wind¬ 
ings located in the rest of the frame, which is just another way of 
saying that the stator may be wound with two, four, six, or more poles. 
Since the magnetic field rotates 360 electrical degrees for each cycle 
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and passes through one pair of poles in that period, it is evident that 
with a four-pole machine the field will rotate completely around the 
stator in two cycles. The general equation for the speed of rotation is 


Speed in rpm 


60 X Frequency 
Pairs of poles 


Motor Speed. When power is applied to the stator of the motor, 
and a rotating field is set up, the squirrel-cage structure of the rotor 
becomes essentially the secondary of a transformer. A voltage is in¬ 
duced in the rotor bars, its value being determined by the ratio of the 
stator and rotor turns to the rate of change of the field fiux. Current 
vill flow in the rotor bars, in an amount limited by the rotor imped¬ 
ance, and the rotor will be magnetized. As the stator field revolves, 
the rotor field will be impelled to follow it, and the rotor will start 
to turn. Considering the two-pole 60-cycle machine, with the rotor 
stationary, the rate of change of the field cut by any given rotor bar 
will be 3600 times per minute. As the rotor speeds up, the rate at 
which the field is cut by a given bar becomes less and less, with con¬ 
sequent reduction in the induced voltage and the generated current. 
The maximum theoretical speed, called the synchronous speed, is 
reached when the rotor is revolving at the same speed as the stator 
field, or 3600 rpm. At that speed there would be no field flux cut by 
the rotor bars, no induced voltage, and no generated current. There 
would also be no torque, as the rotor would not be majgnetic without 
current flowing in it, and for this reason synchronous speed can never 
quite be attained. Some torque is required, even without load on the 
motor, to keep the rotor turning against friction and windage. The 
difference between the actual speed and the synchronous speed will be 
just enough to permit the rotor conductors to cut enough field flux to 
induce the voltage and current required to produce the necessary 
torque. This speed difference is called slip. 

Standard polyphase squirrel-cage motors are built for 110, 220, 440, 
550, and 2200 volts, and for 25 and 60 cycles. The standard speeds 
available are given in Table 24. 

Motor Torque. The motor torque is determined by the design of 
the machine and in particular by the resistance of the rotor conduc¬ 
tors. The standard motor is built with a relatively low-resistance 
rotor and has a relatively low starting torque and low running slip. 
A motor built with a relatively high-resistance rotor will have a 
higher starting torque but will also have a higher slip. Such a motor 
is called a high-torque motor. 
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TABLE 24 

Polyphase Squirrel-cage Motors 
Speed 


< - - ' *- 1 

Number of Poles 25 Cycles 60 Cycles 

2 1500 3600 

4 750 1800 

6 500 1200 

8 ... 900 

10 ... 720 

12 ... 600 

16 ... 450 


Figure 169 shows typical characteristic curves of a standard squir¬ 
rel-cage motor. The starting torque is shown as about 145 per cent 



Fig. 169. Characteristic Curves of a Standard Squirrel-cage Motor. 

of the normal full-load, full-speed value. It may vary, in different 
motors, from 110 to 175 per cent. The maximum torque available, 
called the pull-out torque, is shown as 280 per cent. This value may 
vary from 200 to 300 per cent of normal. The slip at 100 per cent 
torque is shown as about 3 per cent of synchronous speed. The in- 
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rush current obtained when starting the motor on full voltage, by 
direct connection to the power supply, is usually from six to ten times 
full-load running current but may be higher if an exceptionally low- 
resistance rotor is used. 

Figure 170 shows typical characteristic curves of a high-torque 
squirrel-cage motor. The starting torque is shown as about 200 per 
cent of the normal full-load, full-speed value. The pullout torque is 



Torque m Per Cent of FuU Load 

Fig. 170. Characteristic Curves of a High-torque Squirrel-cage Motor. 

shown as about 325 per cent, and the slip at full load is about 7 per 
cent of synchronous speed. Because of the higher rotor resistance, the 
starting inrush current is relatively low, usually being from 400 to 500 
per cent of the normal full-load value. The higher-resistance rotor, 
therefore, has the advantage of giving a greater starting torque with 
a lower starting current. The higher running slip, however, results in 
higher heat losses in the rotor and also causes the motor speed to vary 
more with changes in the load. 

Double-cage Motor. In order to obtain the advantages of both the 
low-resistance rotor and the high-resistance rotor, motors are built 
with two squirrel-cage windings embedded in the same rotor core. 
Such a motor is called a double-cage motor. The rotor bars are placed 
in the same slots, one layer above the other. The inner squirrel cage 
is designed to have low resistance and high reactance, and the outer 
one has high resistance and low reactance At standstill the rotor 
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current has line frequency, and the larger part of it flows through 
the low-reactance outer winding. As the motor accelerates, the fre¬ 
quency of the rotor current decreases and the reactance of the inner 
cage becomes less effective, so that a constantly increasing proportion 
of the current flows through the inner cage. The total torque is the 
sum of the torques of the two windings. 

Figure 171 illustrates the characteristics of the motor. The start¬ 
ing torque will be from 150 to 250 per cent of the normal full-load 



Fig. 171. Characteristic Cur\'es of a Double-cage Motor. 

running torque, and the maximum pull-out torque will be from 175 to 
225 per cent of normal torque. The slip will be from 3 to 5 per cent 
of synchronous speed. The starting currents of a motor of this type 
are low enough to permit the motor to be started directly from the 
line in sizes up to 40 horsepower without exceeding the limitations set 
by power companies. Above this size, the inrush, when starting di¬ 
rectly from the line, will not exceed that of a standard motor started 
on 80 per cent voltage. 

Starting Methods. Theoretically, there is no reason why any squir¬ 
rel-cage motor could not be started by connecting it directly to the 
power lines. If this were done, the inrush current would be from 
four to ten times the normal running current of the motor. This in¬ 
rush would not damage the motor, but it might cause too great a dis- 
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turbance on the power line. It might also impose too great a shock 
on the machine being started. It is often necessary, therefore, to use 
reduced voltage starting. 

The five common methods of starting squirrel-cage motors are: 

1. Across-the-line starting, which connects the motor direct to full 
line voltage by means of a manually operated switch or a magnetic 
contactor. 

2. Autotransformer starting, which starts the motor at reduced volt¬ 
age from an autotransformer and then connects it to line voltage after 
the motor has accelerated. 

3. Primary resistor starting, which introduces a fixed or variable 
resistor in the primary of the motor during the accelerating period and 
then short-circuits this resistor to apply full voltage to the motor after 
it has accelerated. 

4. Star-delta starting, which necessitates special motor connections. 
This method gives approximately 58 per cent of line voltage at the 
motor terminals, 58 per cent full-load current, and 35 per cent torque. 

5. Part-winding starting, with which a part of the motor winding is 
connected to the lines as a first starting step, and, after a time delay, 
the remainder of the motor winding is connected to the lines. 

In addition to these five methods, starting through impedance is 
sometimes practiced; but, since such starters have very low power 
factor, relatively very few are used. 

Across-the-line Starting. The advantages of across-the-line starters 
are evident in that they are simple, easy to install and maintain, and 
inexpensive. Their disadvantage is that the motor draws an inrush 
current of four to ten times full-load current. With a small motor 
this does not make any difference, nor does it with a large motor if 
the power supply is adequate. However, most power companies object 
to the line disturbance caused by connecting large induction motors 
directly to the line. The power-generating companies have developed 
rules and values as suggested practice covering the installation of 
squirrel-cage motors on central-station distributing systems. 

The limits of starting current are generally such that starting devices 
will be required for motors above 5 horsepower, where the installation 
consists of a single motor of that size. Instances may occur wherein 
it is necessary to use a starting device on 5-horsepower motors. 

Manual Starters. Ratings for across-the-line manually operated 
starters (including reversing), with or without overload relay or other 
auxiliary devices, in any enclosure, for use with any type of induction 
motor, are given in Table 25. 

Several kinds of devices are used for manual motor starters. Where 
a small compact starter without overload relay is desired, a suitably 
constructed three-pole snap switch in sizes 00 and 0 is satisfactory. 
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TABLE 25 


Size 

0 

1 


Ratings of Manual Line Starters 

Horsepower at Horsepower at Horsepower at 
110 volts f 220 voltsj 440-550 voUs, 

Three Phase Three Phaze Three Phase 

2 2 

3 5 7J^ 


In sizes 0 and 1, starters are available which are essentially like a 
magnetic contactor but without the operating magnet and coil. The 
contactor mechanism is arranged to be closed and opened manually 
by pushbuttons mounted in the cover of the starter and operating 
through a positive make-and-break toggle mechanism. These starters 
are provided with overload relays and are free-tripping, so that the 
mechanism cannot be held closed on overload. 

Controllers of the drum type are widely used, especially in the 
smaller sizes. They are available for separate mounting on any suit¬ 
able surface, and also without cover and with head plates suitable for 
mounting in a cavity in a machine. This type has a pistol-grip handle, 
which turns an insulated cylinder on which contact segments are 
mounted. The segments engage stationary contact fingers mounted in 
the drum frame. They can be arranged with a self-centering spring 
if it is desired to make contact only as long as the lever is held in the 
on position. They are also used with a rope drive instead of a handle 
for such applications as floor-operated cranes and hoists. 

Magnetic Starters. The NEMA standard ratings for magnetic 
across-the-line starters are given in Table 26. The horsepower ratings 


TABLE 26 

Ratings of Magnetic Across-the-linb Starters 
8-hour Open 


Size 

Rating of 
ContactoTy 

Horsepower at 
110 volts y 

Horsepower at 
220 voltSy 

Horsepower at 

44P-500 VOltSy 

Three Phase 

Numbers 

amperes 

Three Phase 

Three Phase 

00 

m • 

H 

1 

1 

0 

15 


2 

2 

1 

25 

3 

5 


2 

50 

7y2 

15 

25 

3 

100 

15 

30 

50 

4 

150 

25 

50 

100 

5 

300 


100 

200 

6 

600 


200 

400 

7 

900 


300 

600 

8 

1350 


450 

900 

9 

2500 


800 

1600 
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apply also to two-phase three-wire starters, but the current ratings 
on this type of power supply are reduced to 90 per cent of the three- 
phase ratings. The ratings apply to all starting, reversing, and throw- 
over contactors furnished with any type of enclosure, either with or 
without disconnecting means or other accessories. 

When the controller is subject to rapid jogging ser\dce or frequent 
plug-stop service, and so must repeatedly open the stalled-motor 
current, it is recommended that the starter ratings be reduced in 
accordance with Table 27. Rapid service is defined as being in excess 
of five operations a minute. 


TABLE 27 


Ratings for Jogging Service 


Size 

8-haur Open 
Rating of 
Contactor, 

Horsepower at 
110 volts, 

Horsepower at 
220 volts, 

Horsepower at 
UJfl-550 volts. 

Numbers 

amperes 

Three Phase 

Three Phase 

Three Phase 

00 


H 

y2 

y2 

0 

15 

H 

1 

1 

1 

25 

2 

3 

5 

2 

50 

5 

10 

15 

3 

100 

10 

20 

30 

4 

150 

15 

30 

60 

5 

300 


75 

150 

6 

600 


150 

300 


In their simplest and most widely used form, magnetic line starters 
consist of a three- or four-pole magnetic contactor and a thermal over¬ 
load relay (see Fig. 172). These devices are mounted in a suitable 
enclosing case, which may be of the general-purpose sheet-metal con¬ 
struction or may be dust-tight, water-tight, explosion-resisting, or 
whatever may be required by the installation conditions. Start and 
stop pushbuttons may be mounted in the cover of the case; then the 
stop button is usually combined with the overload resetting device. 
A separately mounted start-stop pushbutton may also be used, and 
the case mount only the reset button. When both local and remote 
control are desired, a small three-i)osition switch is mounted in the 
starter cover to give local control, off, and remote control. The starters 
are also built in skeleton form, without enclosure, for mounting in a 
cavity in a machine. 

The control circuit is very simple, since it involves only energizing 
the contactor coil when the start button is pressed and de-energizing 
it when the stop button is pressed or when the overload relay trips. 
With a three-wire momentary-contact type of pushbutton, low-voltage 
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protection is obtained. With a two-wire snap-switch type of button, 
low-voltage release is obtained. 

Line starters are also built with self-contained outside-operated dis¬ 
connect switches. The disconnect switch may be of the knife-switch 
type or may consist of a set of contactor parts without the operating 



Fig 172. NEMA Size-2 Across-the-line Starter, in NEMA Type-I Enclosure. 

Co\er Removed. 

coil and manually operated. Starters are also built with self-contained 
outside-operated circuit breakers, which act as a disconnect device and 
a protection against short circuit. 

All the above types of line starter are also built for reversing service. 
The single magnetic contactor is then replaced with a pair of mechani¬ 
cally interlocked contactors. As a rule, only the reset button is 
mounted in the cover of a reversing starter, the other buttons being 
separately mounted. 

Line starters are made by many manufacturers. Their design is 
not so simple as it might appear to be, because the designer is always 
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pulled in opposite directions by the desire to make the device as small 
and compact as possible and by the desire to make it readily accessible 
for mounting, wiring, and maintenance. However, the starters are 
simple, easy to service, inexpensive, and relatively trouble-free, which 
accounts for the fact that they are probably the most popular item of 
any control manufacturer's line of apparatus. 

Reduced-voltage Starting. The principle of both the autotrans¬ 
former starter and the primary resistance starter is to reduce the 
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Fig. 173. Characteristics of a Squirrel-cage Motor. 

voltage across the motor terminals at starting. Since the current 
inrush, or starting current, varies almost directly with the applied 
voltage, the current can be reduced by applying less than full line 
voltage to start. However, whereas the starting current varies almost 
directly with the applied voltage, the starting torque varies as the 
square of the applied voltage. If the applied voltage is reduced 50 per 
cent, the starting current will be reduced to 50 per cent but the starting 
torque will be reduced to 25 per cent of the full voltage value. Any 
starter, therefore, must be so adjusted as to give the proper compromise 
between the torque which is required and the current which is taken 
from the line. An examination of the curves in Fig. 173 will show 
the relation between starting current and torque. The solid curves, 
marked Af, give the starting inrush to the motor in percentage of 
full-load current for average commercial motors of 2 to 12 poles. 
The dotted curves, marked L, give the corresponding line currents with 
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an autotransformer starter. The torque curve gives the starting 
torque, in percentage of full-load torque, for different values of motor¬ 
starting current. 

For example, consider a 25-horsepower 220-volt three-phase 60-cycle 
1200-rpm motor driving an exhaust fan. If it were connected directly 
to the line, the starting current would be about 500 per cent of the 
full-load current. The corresponding starting torque would be about 
180 per cent of full-load torque. Not nearly that much starting torque 
is needed; furthermore, we may assume not more than 200 per cent 
of full-load current to accelerate. By using the 50 per cent tap on 
an autotransformer starter, the starting current drawn from the line 
can be kept down to 150 per cent of full-load current. The corre¬ 
sponding inrush to the motor is 250 per cent of full-load current, giving 
a starting torque of about 45 per cent, which is suflScient in this case. 
Therefore, by using an autotransformer starter, the current drawn 
from the line has been reduced from 500 per cent to 150 per cent of 
the full-load value, keeping within the assumed limitation and still 
having sufficient torque to start the load. 

The Autotransformer Starter. The autotransformer starter consists 
of two autotransformers connected in open delta, and the motor is 


L3 



Fio. 174. Connections of an Autotransformer Starter. 


connected as shown in Fig. 174. Some manufacturers use three auto¬ 
transformers, but two are more general because with two the current 
in the third phase is only about 15 per cent greater than in the other 
two phases, and this unbalance is permissible. 
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Three taps are usually provided, giving 50, 65, and 80 per cent of 
full line voltage. The motor current varies directly as the impressed 
voltage; the line current varies as the square of the impressed voltage. 



Fig 175 Manually Operated Autotransformer Starter. 


The starting torque consequently varies directly as the line current, 
neglecting transformer losses. The chief characteristics of the starter 
as compared to other types are low line current, low power from the 
line, and a low power factor. A disadvantage is that the torque which 
is applied remains practically constant for the first step of starting 
and practically constant at another value for tlie second step, whereas 
with the primary resistance starter the torque varies, increasing stead- 
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ily as the motor accelerates. Another disadvantage is that, in transfer¬ 
ring from the tap on the transformer to the line voltage direct, the 
motor is momentarily disconnected from the line. For the above two 
reasons acceleration is not so smooth with the autotransformer starter 
as it is with the resistor type. 

Figure 175 shows a manually operated autotransformer. The trans¬ 
former is mounted at the top, and the contacts at the bottom. The 
contacts operate under oil. An overload relay is included, and also a 
low-voltage release magnet. 

An automatic transformer starter consists of a five-pole starting 
contactor, a three-pole running contactor, and a thermal overload 
relay. The contactors are interlocked mechanically, so that only one 
can close at a time. A timing relay of the dashpot type is operated 
by the starting contactor. When the run button is pressed, the starting 
contactor closes, connecting the transformer to the line and the motor 
to the taps of the transformer. After a time interval during which 
the motor accelerates, the timing relay contacts close. The starting 
contactor is de-energized, and the running contactor energized. The 
motor is then connected to full line voltage. The transformer is 
mounted on the rear of the panel, or to the frame or enclosing case. 

High-voltage transformer starters function in the same manner as 
those built for lower voltages. The air-break contactors are replaced 
by oil-immersed switches, magnetically operated. A potential trans¬ 
former is included, to apply low voltage for the control circuits. If 
overload relays are included, as they generally are, they are energized 
through current transformers. The autotransformer and potential 
transformer are generally mounted separately. 

The Primary-resistor Starter. With the primary-resistor starter 
the motor is connected to the line through a primary resistor, and the 
reduced voltage at the motor terminals is obtained by means of the 
voltage drop across the resistor. Accordingly, the line current is 
the same as the motor current, and this current, and power taken 
from the line are much higher than in the autotransformer starter. 
It follows that the efficiency of this starter is less than that of the 
autotransfonner starter. Its advantages are smoothness of accelera¬ 
tion, high power factor, and low cost in the smaller sizes. The smooth¬ 
ness of acceleration is due to the fact that as the motor accelerates 
the current taken becomes lower, and consequently the voltage drop 
across the resistor becomes lower, and the voltage at the motor 
tenninals rises. The torque delivered by the motor is constantly 
increased as the motor speeds up. The motor will accelerate faster 
with a given initial torque than when started by an autotransformer. 
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Furthennore, the motor is not disconnected from the line at the 
transfer period, but the resistor is simply short-circuited without being 



Fig 176 Pnmary-resistance Starter. 


disconnected. Consequently, the motor does not lose speed during the 
transfer period, and the acceleration is smoother. So far as cost is 
concerned the primary-resistor starter is cheaper in the small sizes. 

The primary-resistance starter shown in Fig. 176 has time-limit 
acceleration. It consists of a main magnetic contactor equipped with 
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magnetic blowouts, and a resistance commutating contactor without 
blowouts. The resistor is of cast grids and is mounted near the top 
of the enclosing case in order to keep the heat away from the panel. 
Pressing the start button energizes the main contactor and connects 
the motor to the supply lines through the resistance. When the main 
contactor closes, it operates a dashpot timing relay which, after a set 



time, closes its contacts and energizes the resistance contactor. This 
contactor, in closing, short-circuits the resistance and connects the 
motor directly to the line. A thermal relay gives overload protection. 
The device sliown on the door is a means for resetting the overload 
without opening the case. 

The curves of Fig. 177 are drawn for different values of primary 
resistance and show’ the acceleration of the motor in each case. It is 
evident that with a light load to start, as for instance a centrifugal 
pump, the motor will reach nearly full speed with the resistance in 
circuit. For this reason it is common practice to have only one step 
of resistance. Two or more steps are sometimes used where it is 
necessary to limit the increments of current which may be drawn from 
the line. 
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A multiplicity of starting steps is obtained in the Allen-Bradley 
carbon-pile starter (Fig. 178). The resistor of this device consists 
of a number of graphite disks assembled in a steel tube. When the 
disks are loose, the contact resistance is very high. The application 



Fig. 178. Allen-Bradley Carbon-pile Starter. 


of pressure lowers the resistance. A solenoid, operating against an oil 
dashpot, compresses the disks in a set time. When the solenoid has 
completed its travel and the disks are fully compressed, an interlock 
on the solenoid energizes a contactor to short-circuit the resistance. 
Since direct current is more suitable for operating the solenoid, a 
rectifier is generally included to supply it. 

Table 28 presents a comparison of three types of starters used with 
a 60-horsepower 440-volt three-phase 60-cycle 900-rpm eight-pole 
motor. 
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TABLE 28 



Starting Current 
Drawn from the Line 

Starting Torque 


08 a Percentage of 

as a Percentage of 

Method of Starting 

FuVAoad Current 

FuUrload Torque 

Connecting motor directly to the line 
full potential 

470 

160 

Autotransformer 80% tap 

335 

105 

Resistor starter to give 80% applied 
voltage 

375 

105 

Autotransformer 65% tap 

225 

67 

Resistor starter to give 65% applied 
voltage 

305 

67 

Star-delta starter 

158 

54 

Resistance starter to give 58% applied 
voltage 

273 

54 

Autotransformer 50% tap 

140 

43 

Resistor starter to give 50% applied 
voltage 

233 

43 


Table 29 gives the relative characteristics of the autotransformer 
starter and the resistor starter. 


TABLE 29 


Line current 

Power factor 
Power from line 

Torque 


Smoothness of acceleration 
Size and application 

Cost 

Ease of control 

Maintenance 

Reliability 

Safety 

Efficiency 

line disturbance 


Considerably greater with primary resistor for 
same voltage at motor terminals. 

Higher with piimary resistor. 

Considerably greater with primary resistor for 
same voltage at motor terminals. 

With the autotransformer the torque does not 
change much as motor accelerates. It increases 
as the motor accelerates with primary resistor. 

Primary resistor much better. 

For 20 horsepower and below, primary resistor is 
satisfactory for almost any condition. 

Primary resistor is generally cheaper. 

A slight advantage with primary resistor. 

Not much difference. 

Not much difference. 

Not much difference. 

Autotransformer higher, particularly on low- 
voltage taps. 

Depends on line conditions. 


Line Current. The current taken from the line in starting is less 
with the autotransformer starter than with the primary-resistor starter, 
particularly on the lower taps; that is, the difference is great on the 
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50 per cent tap and on the 65 per cent tap, but on the 80 per cent tap 
the difference is not so great. With a primary-resistor starter the 
motor current is the line current. With the autotransformer starter, 
the current is nearly, but not quite, in proportion to the ratio of 
transformation, the difference being due to the magnetizing current of 
the transformer. This does not necessarily mean that the line voltage 
will drop lower when the resistance starter is used or that the line 
disturbance will be greater. 

Power Factor. The power factor of the line at the moment of 
starting is materially higher with the primary-resistor starter than 
with the autotransformer. When adjusted to give 65 per cent of line 
voltage at the motor terminals for starting, the power factor with 
the primary-resistor starter varies from 80 to 90 per cent, depending 
upon the motor size, whereas with an autotransformer under the same 
conditions the power factor of the line varies from 30 to 60 per cent, 
depending on the size of the motor. 

Power from the Line. The power taken from the line is greater 
with the primary-resistor starter than with the autotransformer. The 
autotransformer is a voltage-changing device; the primary resistor is 
an energy-consuming device. Also, the fact that the power factor is 
high for the primary-resistor starter causes a greater power loss. 
When line disturbance is not taken into account, and with 65 per cent 
voltage applied to the motor, the power taken from the line at the 
moment of starting with an autotransformer is about 50 per cent of 
that which would be taken with a primary resistor. Similarly, when 
connected to the 80 per cent tap, the power taken from the line witli 
an autotransformer is about 60 per cent of that taken with a primary 
resistor. However, if the time taken to accelerate to full speed is 
considered, the difference in energy taken during the starting period 
is not so great, because the primary-resistor starter will accelerate the 
motor in a shorter time than the autotransformer starter will. This 
is because of the increasing torque as the motor accelerates. As a 
matter of fact, the power lost by the resistor starter in most installa¬ 
tions does not amount to very much in actual cost. Calculations based 
on a 50-horsepower 220-volt three-phase motor, started by a primary- 
resistor starter, assuming 5 seconds to start and estimating power at 
2 cents per kilowatt-hour, show that the power wasted in the resistor 
would cost approximately 0.2 cent. It is evident that this motor could 
be started a great many times each day before the power loss would 
become much of an item. 

Torque. The torque developed by a squirrel-cage motor is inde¬ 
pendent of the method used to reduce the voltage at its terminals and 
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depends only on the actual voltage impressed on the motor, varying 
as the square of that impressed voltage. For any application a certain 
torque is required for starting. This torque will, of course, be obtained 
with either starter. Therefore, the line current will vary, being greater 
for the resistor starter. For a definite given line current the torque 
that will be developed at the motor is materially higher when an 
autotransformer is used because higher voltage can be applied at the 
motor terminals with the same line current. 

Smoothness of Acceleration. This is the principal advantage of the 
primary-resistor starter. When the motor is connected to the line 
through the resistor, a certain inrush takes place. As the motor 
accelerates up to speed, the current required decreases, automatically 
increasing the voltage at the motor terminals. Thus the torque at the 
motor builds up as the motor accelerates. With the autotransformer 
starter the applied voltage is constant as long as the motor is connected 
to the transfonner tap. Accordingly, the acceleration of the motor 
is smoother and the motor accelerates faster with the primary-resistor 
starter. There is no loss of torque while the motor is being accelerated 
to full speed, since the resistor may be cut out of circuit in one or 
more steps without opening the circuit, whereas with the autotrans¬ 
former starter the circuit is opened from the starting to the running 
position, which causes a momentary high current peak and a drop 
in speed on the motor. 

Size and Application. In general, in considering the application of 
a squirrel-cage motor starter, the principal question involved is the 
permissible starting current that may be taken from the line. As 
mentioned before, the principal power-generating companies developed 
certain rules for permissible starting current which limit the use of 
this type of motor on central-station supply lines to 30 horsepower 
and below. This applies to standard single-squirrel-cage motors. 
Double-cage motors, having a high-resistance starting winding and 
a low-resistance running winding, will generally not exceed the safe 
limits up to 40 horsepower. It is probable that up to and including 
20 horsepower the primary-resistor starter may be used under almost 
any conditions. 

For motors larger than 20 horsepower, judgment must be exercised, 
depending upon the motor application, power supply, etc. If the 
current and power taken from the line in starting are the main 
consideration, the transformer type is preferable. If smoothness of 
acceleration is the principal factor, the primary-resistor type would 
be chosen. Since the effect of current taken from the line is felt more 
as the size of motor increases, autotransformer starters are generally 
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used for the larger motors and for high-voltage installations. It is 
possible to build primary-resistor starters of any size for starting 
low-voltage squirrel-cage motors. 

Cost. For motors of moderate sizes the size and cost of the primary- 
resistor starter are less than for the corresponding autotransformer 
starter. This difference varies somewhat with the voltage reduction 
supplied, since more resistance material is required to reduce the motor 
voltage to 65 per cent than to 80 per cent. 

Ease of Control. There is not much difference in ease of control 
between the two types of starters. Perhaps a little more skill is 
necessary with the autotransformer type, because of the requirement 
that the transfer from the starting to the running step must be made 
very quickly. Also, in a manually operated primary-resistor starter 
the starting lever is thrown in one direction only, which tends to 
eliminate mistakes in starting. 

Maintenance and Reliability. In maintenance and reliability there 
is not much difference between the two types of starters, provided 
that they are both of the air-break type. An autotransformer of the 
oil-break type is a little more difficult to maintain. There is a slight 
further advantage in that, if the resistor should burn out in a primary- 
resistor starter, the accelerating contactor could be temporarily blocked 
in and the motor thrown across the line to start in emergency. 

Safety. There does not seem to be any advantage in safety for one 
starter over the other. 

Efficiency. Because of the fact that the primary-resistor starter 
takes more current from the line, and more power from the line in 
starting, its efficiency of starting is lower than that of the autotrans¬ 
former starter. 

Line Disturbances. The amount of line disturbance caused by 
starting will depend not only on the amount of current taken from the 
line but also on the conditions of the line itself: that is, whether its 
capacity is large or small in relation to the motor being started, the 
amount of load already on the line, the power factor of the original 
load, and the starting power factor of the new load. Because of the 
low power factor of the autotransformer starter, more line disturbance 
may be caused by its use than by the use of a primary resistor, even 
though the current drawn from the line is lower. The following 
demonstration is taken from a paper by B. F. Bailey, published in 
the AIEE Journal: 

The current taken in starting an induction motor causes a reduction 
in the line voltage. If the constants of the line and of the transformer, 
if one is used, are known, the reduction can be computed by the 
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method shown in Fig. 179. In making this diagram, the effect of 
resistance has been ignored, since this is usually a minor factor com¬ 
pared with the reactance. 

In Fig. 179 the line voltage before the motor is connected to the 
line is represented by the vector OE. The vector 07 represents the 
starting current lagging by a large angle behind OE. For the purpose 
of analysis this current may be regarded as divided into two com¬ 
ponents: the component OIp in phase with the line voltage, and the 
current 07i, lagging 90 degrees behind the voltage. Each of these 
components generates a voltage at right angles to itself, and propor¬ 
tional to the reactance of the line and transformers. These voltages 
are represented by XIp and Xh. 

The terminal voltage applied to 
the motor then becomes OEi. 

The effect of connecting the motor 
to the line has then been to reduce 
the voltage from the value OE to 
OEi. It will be noted that the 
component XIp has but small ef¬ 
fect on the absolute value of the 
line voltage, since it is at right 
angles to it, but the component 
XIi is directly subtracted from 
the line voltage. It is therefore 
apparent that the lagging or wattless component of the starting cur¬ 
rent is the one that is mainly instrumental in influencing the line 
voltage. The wattless component of the starting current is decidedly 
greater with the autotransformer starter than with the resistance-type 
starter. 

Test results on a 10-horsepower motor are given as follows: 



Avio 

Resistor 


Starter 

Starter 

Line current, amperes 

75 

110 

Power factor, per cent 

55 

86 

Lagging component, amperes 

62.7 

56.5 


Although the resistance starter took 47 per cent more line current, 
the lagging component was only 90.2 per cent as great as with the 
auto starter. No difference in the momentary voltage drop could 
be detected, but the disturbance was of shorter duration with the 
resistance starter. Mr. Bailey concludes that the line disturbance 
wdien a motor is started is very nearly the same whether a resistance 
starter or an autotransfonner starter is used. 

The autotransformer starter is likely to cause a second line disturb¬ 
ance at the instant when the motor is transferred from the transformer 
to the line. The magnitude of the current drawn at the time depends 
upon the exact instant w'hen the transfer is made and upon the length 



Fig. 179. Vector Diagram for Auto¬ 
transformer Starting. 
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of time required to effect the transfer. As soon as the motor is dis¬ 
connected from the line, the stator current drops to zero, but the rotor 
current continues to flow, and a voltage is generated in the stator. 
This voltage is at a frequency less than line frequency, and so its 
phase relation with line voltage is constantly changing. If the motor 
is connected to line at the instant when the two voltages are in phase 
coincidence, the conditions will be the worse, and a large momentary 
current will flow. The duration of the current will be short, probably 
too short to show any effect on lamps, but it may be long enough to 
have a serious effect upon connected synchronous machiner>\ 

The value of the current may be quite high, as high as four times 
the inrush current which the motor would take if connected directly 
to the line when standing still. 

Eomdorfer Connection. It is possible to avoid opening the motor 
circuits during the transition from reduced voltage to full voltage. 


Ll L2 L3 



Fig. 180. Autotransformer Starter L’^sing Korndorfer Connection. 

To do this, connections as shown in Fig. 180 are used. The method 
is known as the Korndorfer connection. With this circuit, contactor M 
closes first, connecting one side of the transformer windings to the 
lines, and contactor IS follows immediately, closing the transformer 
neutral. Next contactor 2S closes, connecting the motor to reduced 
voltage. After the motor has had time to accelerate, a timing relay 
operated by 2S opens the circuit to IS, which in turn opens the 
transformer neutral. The motor now runs with sections of the 
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transformer winding acting as inductance in series with the motor. 
Contactor R then closes^ connecting the motor to full voltage by 
short-circuiting the transformer sections. The last step is to open 2S, 
disconnecting the reduced-voltage taps of the transformer. 

The method is used to some extent for starting large motors, both 
induction and synchronous, but is seldom used for smaller motors 
because of the involved switching required. 

Summary. When deciding which type of starter to choose for a 
given installation, consideration should be given to the various char¬ 
acteristics discussed, and the decision should be based on which of 
these characteristics are the most important for the installation in 
question. The questions of power loss during starting, reliability, ease 
of maintenance, ease of operation, safety, and eflSciency will ordinarily 
not influence the decision. If low line current during starting is the 
vital requirement, the autotransformer starter should be chosen. If 
smooth starting, high power factor, or high torque is a vital require¬ 
ment, then the resistance starter is better. If line disturbance is the 
criterion, the whole installation and the existing line conditions should 
be carefully considered. If none of the above factors is of vital interest, 
the decision will probably be made on a basis of cost. 

Part-winding Starters. In order to use the part-winding starting 
method it is necessary that the motor winding be in two parts, and 
that at least six tenninal leads be provided on the motor. The method 
is therefore applicable to those motors which are designed for use 
on either of two voltages, the windings being in parallel on the lower 
voltage and in series on the higher voltage. For example, a 220/440- 
volt motor could be used on 220 volts with a part-winding controller. 
The controller would then be arranged to connect one section of the 
winding to the supply lines as soon as the starting button was pressed. 
Then, after a time delay provided by a timing relay, a second contactor 
would connect the other section of the motor winding to the supply 
lines, in parallel with the first section. 

In this way the starting current is reduced to approximately one-half 
of what would be required if both winding sections were connected 
at the same time, as they would be with a standard three-lead motor. 
The starting torque when the first winding section is connected will 
be less than half of the torque that would be obtained if both sections 
wrere connected at the same time. 

Controllers are also built with a step of resistance connected in the 
circuit of the first winding section. Three starting steps are then 
availahlfi. 
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Contactors used for part-winding starters need capacity to handle 
only the circuit which they control, and so may be rated at one-half 
of the rating that would be required to handle the whole motor. 
Overload relays are provided for each section of the winding. 
Figure 181 shows the connections for a typical controller. 


Lines 

LI L2 L3 



closing 

Fig. 181. Connections for a Part-winding Motor Starter. 

Reversing. The rotation of a three-phase squirrel-cage motor may 
be reversed by reversing the line connections to any two of the stator 
terminals. Similarly, a two-phase machine may be reversed by revers¬ 
ing the line connections to one of the phases. The motor may be 
plugged for a rapid reversal by connecting it for the reverse direction 
while it is still running in the forward direction. When this is done, 
the current inrush obtained is only slightly higher than that obtained 
when starting from rest. 

Reversing controllers for squirrel-cage motors are usually of either 
the drum type or the magnetic type. The magnetic controller consists 
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of a pair of magnetic contactors, mechanically interlocked so that 
they cannot both close at the same time, and an overload relay. The 
controlling pushbutton station has three buttons, for forward, reverse, 
and stop. 

For reversing service, magnetic across-the-line controllers and mag¬ 
netic reduced-voltage controllers are rated the same as for non¬ 


Fig. 182. Connections for Plug-stop 
Control. 


reversing service. 

Stopping. The most frequently used method of stopping is simply 
to disconnect the motor from the supply lines and let it drift to rest. 
When a quick stop is desired, a 

magnetic brake may be used, L2 

A quick stop may also be ob- UVl Stop 

tained by plugging the motor j uv 

and then opening the reverse Run I__ ^ 

contactor just as the motor has o 

stopped and before it starts to l-fl-Lc-l Fl uv2 

reverse. To do this, some sort lh—|^i r 

of switch is required w’hich will ^ I 

close its contacts only in one di- ' ° oVorward 

rection of motor rotation. The 

switch is coupled to the motor .00 4 .' ^ th 4 . 

, , . , . . n 182. Connections for Plug-stop 

and driven by it. A friction Control, 

switch of this type is showm in 

Fig. 28. It is desirable to arrange the control circuits so that a move¬ 
ment of the driven machine by hand will not start the motor. 

Figure 182 show’s the connections for a plug-stop control. In the 
off position all contactors and relays are open, and the friction switch 
FS is also open. When the run button is pressed, the under\'oltage 
relay UV and the forw’ard direction contactor F close. Contact UVl 
maintains them both closed. A normally closed contact on the run 
button opens the circuit to the reverse-direction contactor R and to 
relay CR, Contact rT’2 also opens the circuit to R, The motor starts 
to run forward, and FS closes its contacts. When the run button is 
released, the relay CR gets a circuit through UVl and the interlock 
contact Fl of contactor F. CR closes, maintaining itself through its 
contact C/f 2 , and opening the circuit to the run button by contact 
CRl, The circuit is now’ set up for stopping, and w^hen the stop button 
is pressed F and UV are de-energized and drop open, disconnecting 
the motor from the lines. The reverse-direction contactor R now 
gets a circuit through FS, CF 2 , and UV2y and closes, plugging the 
motor. The motor slow’s dow’n and stops, and, as soon as it moves 
the least amount in the reverse direction, the friction swdtch FS opens 
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its contacts, dropping out R and Ci2, and finally disconnecting the 
motor. During the plugging period, operation of the run button cannot 
do any harm, because CRl is open. With the motor shut down, 
accidental closing of FS, as by hand rotation of the motor, cannot 
cause any operation, because CR2 is open. 

Another method sometimes used for a quick stop is the application 
of direct current to one phase of the stator winding. The squirrel-cage 
rotor, turning in a direct-current field, is brought to rest by dynamic 
braking. If a direct-current supply is available, the current supplied 
to the stator may be limited by the use of external resistance. When 
a motor generator set must be installed to supply the direct current, 
the generator voltage can be adjusted to supply the right amount of 
current. This method of braking is particularly applicable to drives 
such as steel-mill roll-type conveyors, where a large number of motors 
have to be stopped together. The connections for such an arrangement 
are described in the next paragraph. 

Speed Control. The squirrel-cage motor does not readily lend itself 
to speed variation. There is no way to make any change in the rotor 
circuits, and the use of resistance in the primary circuits does not 
accomplish the desired results. The only satisfactorj^ method of speed 
control is variation of the frequency, and this is seldom attempted 
because of the expense of the motor-generator set necessary. 

The roll tables in steel mills, which are a conveyor consisting of a 
large number of rolls, each individually driven by a squirrel-cage 
motor, are generally equipped with variable-frequency speed control. 
For such an installation, a direct-current motor is used to drive an 
alternator, and the speed of the set is varied by a rheostat in the shunt 
field of the motor. The voltage and frequency of the alternator change 
with the speed of the machines. Each roll motor is provided with 
its own disconnect switch and overload relay, and all the motors are 
connected to the alternator supply through a common pair of reversing 
contactors. If the conveyor has more than one section, each section 
will have its own reversing contactors. It is then possible to start 
all the motors of any section together, and to control the speed of all 
the motors of a section together. A defective motor may be cut out 
of circuit by its individual switch without affecting the operation of 
the conveyor as a whole. A separate small motor-generator set is 
used to supply direct current for braking. The set consists of a 
squirrel-cage motor operating from alternating-current supply lines, 
and a direct-current generator. A pair of magnetic contactors connects 
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the generator to one phase of all the roll motors. To bring the 
conveyor to rest, the reversing contactors are opened, disconnecting 
the motors from the alternator, and the braking contactors are closed, 
applying direct current to one phase of the motors. A timing relay 
is arranged to open the braking contactors after the motors have come 
to rest. 

The Rossman Drive. The Rossman drive is a method of obtaining 
speed regulation of an induction motor, of either the squirrel-cage or 
the synchronous type, by rotating both the armature and the field 
windings. A specially designed motor is required to permit rotation 
of the armature (normally the stator), which is driven by an adjustable- 
speed direct-current motor. Since a synchronous speed relation is 
always maintained between the armature and the field members, the 
net forv’ard rotation of the field, or normal rotor, will be the difference 
between synchronous speed and the speed of the rotating armature 
when rotated in opposite directions. When armature and field are 
rotated in the same direction, the net forward rotation of the field 
member will be the sum of the speeds of the two members. The 
Rossman drive has found its principal application in power plants, for 
driving forced and induced draft fans and boiler feed pumps. These 
units are of relatively high rating, running up to 2500 horsepower. 
The complete installation costs little more than a two-speed motor 
installation and shows a saving in power consumption which justifies 
its use. 

Voltage and Frequency Variations. The following summary of the 
effects of variations of voltage and frequency upon the performance 
of induction motors is taken from the NEMA Standards: 

(а) Induction motors are at times operated on circuits of different 
voltage or frequency from that for which the motors are rated. Under 
such conditions, the performance of the motor will vary from the 
standard rating. The following is a brief statement of some operating 
results caused by small variations of voltage and frequency, and is 
indicative of the "general nature of changes produced by such variations 
in operating conditions. 

(б) Voltage variations of 10 per cent on power circuits are allowed 
in most commission rules. However, changing the voltage applied to 
an induction motor has the effect of changing its proper rating, as far 
as power factor and efficiency are concerned, in proportion to the 
square of the applied voltage. Thus a 5-horsepower motor, operated 
at 10 per cent above its rated voltage, would have characteristics 
proper for a 6-horsepower motor (6.05 horsepower, to be exact); and 
at 10 per cent below the rated voltage, those of a 4-horsepower motor 
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(more exactly, 4.05 horsepower). It is obvious that, if the rating of 
a motor were greatly increased in this way, the safe heating would 
frequently be exceeded. 

(c) In a motor of normal characteristics at full rated horsepower 
load, a 10 per cent increase of voltage above that given on the name 
plate would usually result in a slight improvement in efficiency and a 
decided lowering in power factor. A 10 per cent decrease of voltage 
below that given on the name plate would usually give a slight decrease 
of efficiency and an increase in power factor. 

(d) The starting and pull-out torque will be proportional to the 
square of the voltage applied. With a 10 per cent increase or decrease 
in voltage from that given on the name plate, the heating at rated 
horsepower load will not exceed safe limits when operating in ambient 
temperatures of 40 C or less, although the usual guaranteed rise may 
be exceeded. 

(e) An increase of 10 per cent in voltage will result in a decrease 
of slip of about 17 per cent; a reduction of 10 per cent will increase 
the slip about 21 per cent. Thus, if the slip at rated voltage were 5 
per cent, it would be increased to 6.05 per cent if the voltage were 
reduced 10 per cent. 

(/) Higher than rated frequency usually improves the power factor 
but decreases starting torque and increases the speed, friction, and 
windage. At lower than rated frequency, of course, tlie speed is 
decreased, starting torque is increased, and power factor is slightly 
decreased. For certain kinds of motor load, such as in textile mills, 
close frequency regulation is essential. 

(g) If variations in voltage and frequency occur simultaneously, the 
effects will be superimposed. Thus, if the voltage is high and the 
frequency low, the starting torque will he very greatly increased, but 
the power factor will be decreased and the temperature rise increased 
with normal load. 

(ft) The foregoing facts apply particularly to general-purpose mo¬ 
tors; they may not always be true of special motors, built for a j)ar- 
ticular purpose, or of very small motors. 

Multispeed Squirrel-cage Motors. Although speed regulation of the 
squirrel-cage motor is not practical, it is possible to get two, three, or 
four different constant speeds by special arrangement of the stator 
windings. Two separate and independent windings may be used, each 
being wound for any desired number of poles. With this arrangement 
any desired combination of the possible motor speeds may be obtained. 
Two speeds may also be obtained by regrouping a single stator winding 
to give a different number of poles. With such an arrangement the 
ratio of the two speeds is always 2 to 1, as, for example, 1800 rpm 
and 900 rpm. Three-speed motors have one winding reconnected to 
give two speeds, and a separate winding for the third speed. Four- 
speed motors have both windings reconnected. 
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Multispeed motors may be wound for constant horsepower, constant 
torque, or variable horsepower and torque. 


Horsepower = 


Torque (ft-lb) X Speed (rpm) 
5252 


With the constant-horsepower design, the torque is inversely propor¬ 
tional to the speed, and the horsepower is the same at each speed. 
With the constant-torque design, the horsepower varies directly with 


Two speed, two winding, 
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Fig. 183. Multispeed Motor Connections. Separate-winding Types. 

the speed, and the torque is the same at each speed. With the variable- 
torque and variable-horsepower design, both horsepower and torque 
decrease with a reduction in speed, the torque varying directly with 
the speed and the horsepower with the square of the speed. Any of 
these characteristics can be obtained either by regrouping poles or by 
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separate windings. Consequent-pole motors are built for three-phase 
service only; where only two-phase power is available, it is necessary 
to transform to three phase. This may be done by using Scott- 
connected transformers. Separate winding motors are built for either 
two- or three-phase service. 

For constant torque the stator windings are connected in series-delta 
on the low speed and parallel-star on the high speed. 

For constant horsepower the windings are connected in parallel-star 
on the low speed and series-delta on the high speed. 

For variable torque and horsepower, the connections are in series- 
star on the low speed and parallel-star on the high speed. 

Figures 183, 184, 185, and 186 show typical arrangements for multi¬ 
speed motors. 

Manually Operated Controllers. Because of the necessity of switch¬ 
ing a number of circuits to obtain the different speeds, a drum-type 
controller is the most suitable manually operated device. It is not 
difficult to arrange the contact cylinder and fingers to give any desired 
switching sequence. A drum, being a compact device, is particularly 
suited to mounting in or on machine tools, where space is limited. 
Although the drum can readily provide the switching, auxiliary appa¬ 
ratus is necessary to obtain low-voltage protection, reduced-voltage 
starting, and overload protection. The larger drums also require a 
contactor to interrupt the circuit during switching. 

Low-voltage protection is readily secured by means of a magnetic 
contactor, the coil of which is energized through interlocks in the drum 
as it is moved from the off position, and maintained through an inter¬ 
lock on the contactor. When voltage fails, the drum must be returned 
to the off position to restart the motor. If an overload relay is used, 
it will be arranged to trip out the contactor. 

Reduced-voltage starting may be secured by substituting any type 
of reduced-voltage starter, as an autotransformer starter or a primary- 
resistor starter, for the low-voltage-protection contactor. 

There are several methods of using contactors to open and close the 
motor circuit, and switching only non-arcing circuits in the drum. One 
method is to incorjiorate a switch into the drum handle, arranging it 
to close its circuit only when the drum handle is in one of the running 
positions. The contactor coil is connected through the switch and so 
will open whenever the drum handle is moved from one position to 
another. The switch is arranged mechanically so that the drum handle 
cannot be moved from one position to another until the switch has 
been operated and the contactor de-energized. Another method is to 
use a quick-acting relay, arranged to drop open whenever the drum is 
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moved from one position to another, and to de-energize the contactor. 
When the drum is again in an operating position, and when the con¬ 
tactor is open, a circuit is again completed to the relay, which closes 
and re-energizes the contactor. There are also mechanical devices 
for opening the contactor between operating positions. 

To obtain suitable overload protection for a motor with separate 
speed windings, it is necessary to have one overload relay for each 
winding. For reconnected variable-torque motors one overload relay 
per winding is suflScient. For reconnected constant-horsepower motors, 
and reconnected constant-torque motors, two overload relays per wind¬ 
ings are necessary. 

Magnetic Multispeed Motor Controllers. Magnetic controllers are 
used for those applications where the motor is located at a distance 
from the operator and it is desirable to install the controller near 
the motor. They are necessary where automatic starting, from a 
thermostat or other pilot device, is used, and they are desirable for 
applications where the service is severe. They are made for two-, 
three-, and four-speed motors, of either the separate-winding or the 
reconnected-winding type. Though across-the-line starting is gen¬ 
erally used, controllers are also built for reduced-voltage starting. 
These are of the primary-resistance type, a magnetic contactor being 
provided to short-circuit the resistance during the accelerating period. 
The resistance contactor is timed by a timing relay. The arrangement 
is the same as that for a single-winding motor. 

The three common forms of control are known as selective, com¬ 
pelling, and progressive. 

Selective control permits starting the motor on any desired speed 
winding. To change the speed of a running motor to any higher speed, 
it is only necessary to press the desired speed button. To change to a 
lower speed, it is necessary first to press the stop button and then to 
press the desired speed button. The shock to machinery when changing 
speeds is greater when the speed is reduced than when it is increased, 
and so this control method allows the motor to decelerate somewhat 
before it is connected at the lower speed. 

Compelling control provides that in accelerating the motor from rest 
it must always be started on the low-speed winding. To reach higher 
speeds, the pushbuttons must be operated in the sequence of speeds, 
thus compelling the operator to accelerate the motor gradually. To 
change to a lower speed, it is necessary first to press the stop button 
and then to proceed as if starting from rest. 

Progressive control provides automatic, timed acceleration of the 
motor to the selected speed by energizing the speed windings progres- 
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Lines 

LI L2 L3 



Fig. 187. Connections for a Three-speed Three-winding Full-voltage Selective 

Controller. 
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sively from the lowest to the desired speed. To start the motor from 
rest, or to change the speed of a running motor to a higher speed, it is 
only necessary to press the desired speed button; the controller will 
automatically go from speed to speed until the desired one is reached. 
To change to a lower speed, it is necessary first to press the stop button 
and then to proceed as if starting from rest. 


Lines 

.1 L2 L3 



All these forms of magnetic starter are provided with overload 
relays. Low-voltage release is obtained with a two-wire pilot device, 
and low-voltage protection with a three-wire pilot device. Selector 
switches with “automatic-off-manual” marking are available, as they 
are for single-winding motor starters, with the difference that on the 
‘^manuaP^ side they have a position for each motor speed. 

Figure 187 shows the connections for a selective controller for a 
three-speed, three-winding motor, starting on full voltage. One control 
relay and one contactor are required for each winding. The connec¬ 
tions are so simple that the operation will be self-evident, and the 
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connections required for a motor with any number of speed windings 
will also be apparent. 

Figure 188 shows the connections for a compelling controller for a 
two-speed reconnected motor, starting on full voltage. A constant- 
torque motor will be connected in delta on the low speed and in 


Lines 

LI L2 L3 



Fig. 189. Connections for a Two-speed Two-winding Full-voltage Progressive 

Controller. 

parallel-star on the high speed. A variable-torque motor will be 
connected in single-star on the low speed and in parallel-star on the 
high speed. Either connection requires a three-pole contactor for 
the low speed and a five-pole contactor for the high speed. The 
control connections are again very simple. If it is not desired to stop 
when changing from high to low speed, a pushbutton having both 
nonnally open and normally closed contacts is used, and the connection 
between points 2 and 5 is omitted. 

Figure 189 shows the connections for a progressive controller for a 
two-speed two-winding motor, starting on full voltage. The contact 
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TR is a timing relay operated by relay lCi2. The other contacts of 
ICR open and close instantaneously. 

Considering the various kinds of motors, speed combinations, types 
of windings, and control schemes, it is evident that there are a good 
many possible combinations. The three examples given are typical, 
and any other combinations can be worked out from them. 

Application of Squirrel-cage Motors. For reasons already stated, 
the standard squirrel-cage motor is very popular and is used wherever 
the installation and service conditions permit. It is not suitable where 
the starting torque is high but is best applied where the starting load 
is light. For example, a centrifugal pump, working against a constant 
head of water, does not start to deliver water until it is well up to 
speed, and the starting load is low. Fans have similar characteristics. 
Many machine tools are suitable applications. Motor-generator sets 
are often driven by these motors. 

The high-torque motor is used for slow-speed freight elevators where 
speed control is not required. It offers good starting toniue, simplicity, 
and low cost. Motors for this service may have as much as 15 per 
cent slip at full load. Punch presses, printing presses, and washing 
machines are other applications of the high-torque motor. 

The double-cage motor is used where it is desirable to limit the line 
current when starting, and also where high torque is needed. Cnishers, 
air compressors, and conveyors starting under load are typical ajipli- 
cations. 

The constant-torque multispeed motor is used to drive printing 
presses, compressors, dough mixers, tumblers, constant-pressure l)low- 
ers, conveyors, elevators, and stokers. 

The constant-horsepower multispeed motor is used to drive lathes, 
boring mills, other metal- and wood-working machinery, and similar 
machines in which a higher torque is required at the low speed. 

Variable-torque motors are used to drive machines whose load 
varies approximately as the square of the speed, as, for instance, fans, 
blowers, and centrifugal pumps. 

When selecting a motor it will be found economical to choose a 
high-speed motor if possible, and an open motor rather than an 
enclosed motor if conditions will permit. For example, a 10-horsepower 
900-rpm motor weighs about 500 pounds, whereas a 10-horsepower, 
1800-rpm motor weighs about 310 pounds. The slow-speed motor 
takes about 69 per cent more copper, 65 per cent more steel, and 60 
per cent more cast or malleable iron. An enclosed motor has a lower 
horsepower rating than the same size of open motor, which means 
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that for a given horsepower rating the enclosed motor will probably 
be larger than the open motor. A check on a 100-horsepower motor 
showed that the partially enclosed design was 43 per cent heavier, 
taking 20 pounds more of aluminum, 50 pounds more of copper, and 
470 pounds more of steel. A fully enclosed motor was about 120 per 
cent heavier than the open motor. 

Design of Primary Resistor. Resistance is used in the primary 
circuit of a squirrel-cage motor to limit the starting torque or the 



Lb-ft torque (x 100) 

Fig. 190. Speed-torque Cur\^e of a Squirrel-cage Motor. 


starting current. It is necessary to have some data on the motor 
characteristics, which may be obtained from a motor curv’e like that 
of Fig. 190. Suppose that with this motor it is desired to limit the 
starting torque to 600 pound-feet. 

From the curve, 

E = line voltage = 440. 

Is = stalled current = 1000 amperes. 

PF = stalled power factor = 0.75. 

To = stalled torque = 2000 pound-feet. 


The impedance of the motor is Z, 



ohm. Calling the total impedance of motor and resistor Z, the inrush 
3urrent will be 
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1.73 X Z 


The voltage across the motor will be 


Z,XE 0.254 X 440 


0.254 X 440 


Combining 1 and 2 gives 


0.254 X 440 


E„ = 0.447 [3] 

This gives one relation of E„ to I, and it is now necessary to get another 
equation between them. The torque obtained nith the resistance in 
circuit will be proportional to the current and to the voltage. 

^ IXE^XTq 
I.XE 


600 = 


E^I = 


I XE„X 2000 
1000 X 440 
600 X 440 X 1000 


Reducing this somewhat, we have 

132,000 


Now combining equations 3 and 4 gives 


0.447 = 


132,000 


7 = 548 amperes 

and, from equation 3, E^ = 241 volts 

„ 0.254 X 440 

From equation 2, Z =- 


Z = 0.465 ohm 


[7] 
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Referring to Fig. 191, the line AD is drawn at such an angle to the 
base line AC that the cosine of the angle is 0.75. 

Choosing a convenient scale, lay off AD = 0.254. 

AD is then the impedance of the motor, AB is the motor resistance, 
and BD the motor reactance. From D draw the line DE parallel to 
AC, and select the point E so that the line AE = 0.465. Then AE is 
the total impedance of motor and resistor, and DE is the value of the 
resistor alone. DE will be found to be 0.24 ohm. 
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Fig. 191. Calculation of Primary Resistance for a Squirrel-cage Motor Controller. 

If the current inrush obtained in starting is the limiting factor, and 
the torque of secondarj^ importance, the calculations are much simpler. 
With I known, the total impedance Z is immediately determined from 
equation 1. The controller resistance is then obtained from the vector 
diagram in the manner described. 
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Problems 

1 . What is the synchronous speed of an eight-pole 60-cycle squirrel-cage 
motor? 

2 . What is the synchronous speed of a 12-pole 25-cycle 220-volt squirrel-cage 
motor? 

3 . At what speed will the motor of problem 2 run if it is connected to a 260- 
volt 30-cycle supply line? 

4 . A squirrel-cage motor is driving a machine at 1780 rpm. If the rotor of the 
motor is removed, and replaced with a rotor having twice the resistance of the 
original rotor, at what speed will the machine be driven? 

6. Referring to Fig. 168, draw a set of curves which will produce a field that 
rotates in a clockwise direction. 

6 . Referring to Fig. 190, calculate the ohms of a primary resistor which will 
limit the inrush current on starting to 450 amperes. 

7 . What starting torque will be obtained with the resistor of problem 6? 

8. If suitable cast-iron grids having a resistance of 0.01 ohm each are available, 
how many will be required for the resistor of problem 6? 

5. It is desired that the motor of Fig. 190 be braked to stop, by the applica¬ 
tion of direct current to two of the motor leads. It is also desired that the 
breaking current be limited to 600 amperes. If the direct current is obtained 
from a small motor-generator set, what will be the voltage of the generator? 

10 . A four-speed 60-cycle multispeed motor has a two-pole winding and a six- 
pole winding, each of which may be reconnected. What four speeds will be 
obtained? 

11 . Draw an elementary diagram for the control circuits of an autotransformer 
starter like Fig. 174, consisting of 

Five-pole starting contactor. 

Three-pole running contactor. 

3 overload relays. 

Autotransf ormer. 

Start-stop pushbutton. 

Timing relay operated by the starting contactor. 

12. Draw an elementarj^ diagram for the main and control circuits of a primar>^- 
resistor starter, consisting of 

Three-pole line contactor. 

3 overload relays. 

Three-pole accelerating contactor. 

3 blocks of resistor grids. 

Timing relay magnetically operated. 

Start-stop pushbutton. 

IS. Draw an elementary diagram of a primary-resistor increment starter, con¬ 
sisting of 

2 three-pole reversing contactors. 

3 accelerating contactors. 

3 overload relays. 
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Resistors in three phases. 

Timing relays mechanically operated. 

Forward-reverse-stop pushbutton. 

14. A manufacturing company requests a quotation on a non-reversing incre¬ 
ment starter for a 50-horsepower three-phase 220-volt 122-ampere sqtdrrel-cage 
motor having a locked-rotor current of 10 times its full-load running current. The 
power company limits the starting current to 210 amperes per second. Prepare 
a list of the devices which are required to build the starter. 

16. Draw an elementary diagram for the control circuits of a Komdorfer-type 
starter like Fig. 180. 

16. Calculate the ohmic value of a primary resistor for a motor and controller 
of the following characteristics: 


Line voltage 
Stalled amperes 
Stalled power factor 
Stalled torque 
Starting torque 


440 

1200 

0.80 

2300 Ib-ft 
500 Ib-ft 


17. Calculate the ohmic value of a primary' resistor for a motor and controller 
of the following characteristics: 


Line voltage 
Stalled amperes 
Stalled power factor 
Stalled torque 
Starting amperes 


220 

1100 

0.80 

1150 Ib-ft 
500 


18. *ralculate the starting torque with the motor and controller of problem 17. 

19. Two .'«quirrt‘l-cage motors are to be used to drive a machine, and it is 
desired that they divide tlie load equally between them. What type of motor 
should be used, and why? 



17 


THE WOUND-ROTOR MOTOR 

The wound-rotor induction motor is like the squirrel-cage motor, but 
instead of having a series of conducting bars placed in the rotor slots 
it has a wire winding in the rotor. If the winding is permanently 
short-circuited, the rotor is just another fonn of squirrel cage. How¬ 
ever, if the ends of the rotor winding are brought out to three con¬ 
tinuous slip rings, and brushes are arranged to ride on the slip rings 
and afford a method of connecting to them, the motor offers possil)ilities 


III 





Fig. 192. Rotor of a Slip-ring Motor. (Courte.<?y of Reliance Electric and Engi¬ 
neering Company) 

for application widely different from the squirrel-cage motor. Strictly 
speaking, a wound-rotor motor may be of the fir>t-inentioned type, 
without slip rings, but in this discussion the terms wound rotor and 
slip ring will be used synonymously to mean a motor with slip 
rings. 

The stator of the wound-rotor motor is of the same construction as 
that of the squirrel-cage motor. Figure 192 shows the rotor and its 
slip rings. The brushes are mounted in the end bearing bracket, and 
connections from them are led to a terminal box on the motor frame. 

Since the motor operates on the principle of the rotating stator field, 
the equation for its speed and the synchronous speeds obtainable are 
the same as those of the squirrel-cage motor. 

In the preceding chapter, it w^as showm that wiien a motor is con¬ 
structed with a relatively low^-resistance rotor it will have a low running 
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slip, which is desirable, but will draw a high starting current and 
will have a low starting torque, which are undesirable features. Con¬ 
versely, a motor with a relatively high-resistance rotor will have the 
desirable features of higher starting torque and lower starting inrush, 
but will have a high slip at full load. With the squirrel-cage rotor, 
the choice must be made in the design, and nothing further can be 
done about it. The slip-ring motor, however, offers the possibility of 



20 40 60 80 100 120 140 160 180 200 220 

Torque in per cent of full rated torque 

Fifi. 193. Speod-torqiie and Current Curves of a Slip-ring Motor. 


connecting an external re^»ii:^tor into the rotor circuit for starting, and 
then cutting it out of circuit for running, and so obtaining all the 
desirable characteristics. The external resistance in the rotor circuit 
also affords a means of speed regulation. 

Figure 193 shows tlie speed-toniue curves for a slip-ring motor with 
various amounts of resistance connected into the rotor circuit. Curve 
a is that of the motor with the rotor short-circuited. The starting 
torciuc is about 72 per cent and tlie starting current is about 350 per 
cent of full-load current. Curve b shows the conditions when a small 
amount of resistance has been added in the rotor circuit. The starting 
torque is now about 138 per cent and the starting current 320 per cent. 
Curve c shows the conditions wdien just enough resistance has been 
added in the rotor circuit to give the maximum starting torque of 
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about 204 per cent. The inrush current is about 230 per cent. A 
further increase in the resistance will reduce the starting torque as 
well as the starting current. Cur\’e d represents a common starting 
condition, where enough resistance is inserted to allow a starting 
current of about 150 per cent and a torque of about the same per cent 
of the rated value. It is, therefore, possible to start a slip-ring motor 
in the same way that a direct-current motor is started, using enough 
resistance to limit the starting current to the desired amount and then 
cutting it out in one or more steps until the motor is fully accelerated 
and its rotor is short-circuited. 

The motor may be reversed by reversing any one phase of the stator 
windings. 

The speed-torque curv^es show that speed regulation may readily be 
secured by means of resistance in the rotor circuit. Considering curve 
d, the motor, if fully loaded, will run at 48 per cent of full speed. At 
half load it will run at 78 per cent speed. With some resistance cut 
out, so that cur\"e c applies, the motor will run on full load at 65 per 
cent speed and on half load at 82 per cent speed. Similarly, any 
desired speed at a given load may be obtained. It will be noted that 
the curves become flatter as greater amounts of resistance are inserted, 
which means that there will be a greater speed change with changes 
in the load. 

To calculate resistors for a slip-ring motor, it is necessary to know 
the characteristics of the rotor winding: that is, the voltage across the 
open-circuited slip rings at standstill, and the current in the rotor leads 
to the slip rings at full load. At standstill, the rotating stator field 
induces, in the rotor windings, a voltage which is determined by the 
ratio of stator and rotor turns. The frequency of the rotor voltage 
will be the same as that of the stator current, which is supply-line 
frequency. When the rotor starts to turn, the voltage and frequency 
decrease, finally approaching zero as the rotor approaches synchronous 
speed. Their value at full running speed depends upon the slip. If the 
full-load slip is 5 per cent, the rotor voltage and frequency will be 
5 per cent of normal, and this voltage will be just enough to cause 
full-load current to flow against the rotor impedance. So far as calcu¬ 
lations for resistors are concerned, it does not make any difference 
whether the rotor windings are connected in star or in delta; it is only 
necessary to know the open-circuit voltage and the load amperes. 

With an overhauling load, and with the slip rings short-circuited, 
the motor will run slightly above synchronous speed. With external 
resistance in the rotor circuit, the speed will be increased. 
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Controllers for Slip-ring Motors. A controller for a slip-ring motor 
usually consists of some form of switch or contactor, to connect tiie 
primary winding to the supply lines, and some form of resistance¬ 
commutating device for the rotor circuit. The controller may be man-, 
ually operated, semi-magnetic, or fully magnetic. It may be reversing 
or non-reversing, and it may be for plain starting or for speed regu- 



Fio. 194. Diagram of an Alternating-current Face-plate Starter. 

lation. Across-the-line starting is not used, as there would be no rea¬ 
son for the more expensive slip-ring motor if its advantages were not 
exploited. For the same reason, autotransformer starting and primary- 
resistance starting are not used. 

Face-plate Starters. Figure 194 is a diagram of a face-plate starter 
for the rotor circuit. The starter has a manually operated lever pro¬ 
vided with contact brushes on both ends. Two sets of copper segments 
are mounted on the starter base. The resistor material is connected 
to the segments, and the lever bridges the two sets. The resistor con¬ 
sists of three sections connected in delta. It is commutated in two 
phases only, the third section being a fixed step, as this allows a simple 
construction of the operating lever. The resistor is balanced in the 
three phases in the initial starting position and in the final r unning 
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position. The intermediate starting steps are unbalanced. The un¬ 
balancing results in a lower torque than would otherwise be obtained, 
but the resistance is proportioned to offset this somewhat; since this 
type of starter is used only with small motors, the unbalancing is not 
a serious matter. The starting lever has a spring to return it to the 
all-resistance-in position when it is released, and it is provided with 
a low-voltage-release magnet, the coil of which is connected across two 
phases of the primary circuit, behind the stator contactor. This in- 



Use L3 as Common line. 

Fig. 195. Diagram of an Alternating-current Speed Regulator. 

sures that the motor will not be started with the resistance short- 
circuited, as the lever cannot be left in the full on position with the 
stator circuit open. The stator contactor is a standard across-the-line 
magnetic starter with thermal overload relay, as used for a squirrel- 
cage motor. 

Face-plate Speed Regulator. A face-plate speed regulator must be 
arranged to commutate resistance in all three phases at the same time, 
because the regulator may be left on any resistance point, and all 
running speed points should be balanced. Running with an unbal¬ 
anced resistance in the rotor circuit will cause vibration of the motor 
and driven machinery. It is not so difficult to build a three-arm 
regulator, because the spring-return feature is not required. The usual 
practice is not to provide any interlock between the regulator arm and 
the stator contactor. The resistor is star-connected and is cut out 
step by step in all three phases. Figure 195 is a diagram of the 
regulator. 
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Multiple-switch Starter. Multiple-switch starters for wound-rotor 
motors are similar in construction to those described for direct-current 


L1 - i3 = phase I Lines 

L2 - L4 = phase II LI L2 L3 LA 



Fig. 196. Diagram of an Alternating-current Multiple-switch Starter. 


shunt-wound motors, except that the levers are double-pole and so 
short-circuit resistance steps in three rotor phases at the same time. 
A contactor, or circuit breaker, is used with the starter, to close the 


TABLE 30 

Multiple-switch Starters 




Inrush Current 

NEMA 


N wmber 

in per cent 

Resistor 

Horsepower 

of Steps 

of Full Load 

Class 

75 

4 

165 

135 

115 

5 

165 

135 

200 

6 

150 

135 

300 

7 

125 

134 

400 

7 

100 

134 

Above 400 

8 

85 

133 
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stator circuit, and the release magnet coil of the starter is connected 
on the motor side of the contactor. All the starter levers will then be 
opened when the stator circuit is opened. Figure 196 is a diagram of 
the starter, showing how the resistance is commutated. Table 30 gives 
the approximate number of levers (resistance steps), the inrush cur¬ 
rents for various motor ratings, and the resistor class used. 

Drum Controllers. Drum controllers for slip-ring motors are made 
in several types, as follows: 

Non-reversing, with circuits for rotor control only. 

Reversing, with circuits for stator and rotor control. 

Motor driven, with circuits for rotor control only. 

All these may be used with a resistor suitable for starting duty only 
or with a speed-regulating resistor. The manual types may have 
either a radial drive lever or a straight-line drive lever, or they may 
be provided with a handwheel drive. The general construction of an 
alternating-current drum controller is the same as that of a direct- 
current drum, but the circuits are arranged to commutate resistance 
in the three rotor phases. The drum starter generally does not cut out 
resistance in all three phases simultaneously. The number of drum 
fingers required can be considerably reduced, with corresponding re¬ 
ductions in the size and the cost of the controller, by cutting out steps 
alternately in the three phases. This unbalances the currents in the 
three phases and reduces the starting torque somewhat, but neither 
effect is serious when the drum is used for starting only. Drums for 
regulating duty have several balanced speed points in addition to 
some unbalanced points. Figure 197 shows the connections for a 
drum-type starter. The primary circuit of the motor is not handled 
in the drum but by an auxiliary magnetic contactor. This contactor 
may be interlocked with the drum to give either low-voltage release 
or low-voltage protection, as desired, and in either case the stator 
cannot be closed unless the drum is in the all-resistance-in position. 

Reference to the diagram will show that, with the drum in the off 
position and with the primary switch closed, the resistances in the 
three phases are equal. When the drum is moved to the first running 
point, resistance step R1-R2 is short-circuited. On the second point, 
resistance i21-i212 is short-circuited. These two points give unbal¬ 
anced conditions. On the third point, resistance R1-R22 is cut out, 
and the resistance is balanced again. The same procedure is followed 
for the remaining points, every third point being balanced. It will 
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be noted that the resistor is star-connected. This is the most common 
connection. 

Reversing drums for slip-ring motors have the reversing contacts 
included in the drum, these contacts changing the primary circuit of 
the motor. Oil-immersed primary contacts handle the stator circuits 



Fig. 197. Connections for a Drum Controller for a Slip-ring Motor. 

of 2200-volt motors. The rotor circuits are similar to those of non¬ 
reverse drums. A typical drum controller is shown in Fig. 198. 

Motor-driven Drums. In some applications, particularly lai^ 
motors, close automatic speed regulation is desired; for this purpose 
motor-driven drums are used. Stokers and blowers in power plants 
and large air-conditioning units are typical examples. The drums 
usually operate to vary resistance in the rotor circuit, the stator being 
connected to the power lines through a contactor or circuit breaker. 
The resistor is usually mounted separately from the drum controller. 
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Fig 198 Drum Controller for a Slip- 
nng Motor 



Fig 199 General Electric Motor- 
operated Drum Controller with 20 
Balanced Speed Points Rated at 600 
Amperes and 1000 Volts 
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NEMA standard sizes for motor-driven drums are given in Table 31. 
All speed points are balanced. 


TABLE 31 

Motob-driven Drums 


8-hour Rating^ 
amperes 
300 
300 
600 
600 


Number of Speed- 
regulating Points 
13 
20 
13 
20 


Figure 199 shows a motor-driven drum with the covers removed 
from the motor drive and from the contact mechanism. The frame 
of the drum is of fabricated steel with cast top and bottom plates. 
The contacts, of copper, are opened and closed by cams on the operat¬ 
ing shaft. Each contact arm carries two contacts, both of w^hich 
are connected to the middle leg of the resistor. They make contact 
simultaneously with stationary contacts, one connected to each of the 
outside legs of the resistor. Therefore, the closing of each contact 
arm short-circuits the resistor at the point to which the contacts are 
connected. 

The motor-operating mechanism consists of a standard fractional- 
horsepower pilot motor, connected to the drum shaft through suitable 
gearing. It also includes a positioning switch arranged to insure 
that the pilot motor, once energized, will run long enough to move 
the drum from full-on one position to full-on another position. This 
is sometimes called a step-by-step device, and its purpose is to prevent 
operation wdth the drum contacts only partly engaged. Limit switches 
are also included, to stop the pilot motor at each limit of the drum 
rotation, and a manually operated lever is provided so that the drum 
may be operated by hand if for any reason the pilot motor cannot 
function. 

Motor-driven drums are sometimes built wdth sliding copper contact 
segments and contact fingers, similar to the manual drum construction 
(Fig. 74). With this construction it is difficult to get a large number 
of balanced points, since the required number of contact fingers 
becomes too great to get into a reasonable space. If unbalanced points 
are used, commutating resistance in one leg at a time, the drum must 
be arranged so that these are accelerating points only, and any running 
position must be a balanced point. 

Magnetic Starters. Magnetic controllers used simply for starting a 
slip-ring motor include a magnetic contactor and overload relay for 
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the stator winding and a suitable number of magnetic contactors to 
commutate the resistor in the rotor circuit. In starting, the stator 
contactor is closed when the starting button is operated. Electric 
interlocks on the stator contactor complete a circuit for the resistor 
contactors, which close in sequence under the control of some type 
of accelerating device. Timing relays are most general, but series 


Lines 



Fig. 200. Connections for a Magnetic Slii)-ring Motor Starter. 


current relays are also used. If reversing is required, the stator 
contactor is replaced by a pair of mechanically interlocked contactors, 
one of which closes in each direction of travel. 

The horsepower ratings of these controllers are the same as those 
of across-the-line starters for squirrel-cage motors, and they are made 
in sizes from NEMA size 1 (25 amperes) up. Of course, the resistor 
contactors must be selected to suit the rotor current, which will vary 
widely with different motors of the same horsepower rating. The 
resistor is usually connected in star, and three-pole contactors connected 
in delta are used to short-circuit the sections as shown in Fig. 200. 
With large motors a delta-connected resistor or parallel-star or parallel- 
delta connections may be economical. These connections permit the 
use of smaller contactors, and in the larger sizes the difference in 
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the cost of one size of contactor over another is considerable. In the 
smaller sizes the difference in cost is not so great, and the saving does 
not warrant the extra complication of the circuit. 

Speed Regulation. Speed regulation may be secured by means of 
the same kind of controller, except that the resistor contactors are 
arranged to be individually energized from a master controller or some 
form of multipoint pilot device. The resistor must then be designed 
for continuous duty on any point. 

Speed Setting. Speed setting is desirable on printing presses and 
some other machines. This means that the speed-regulating master 


Lines 

L\ L2 LZ 8 4 2 1 * 



Fig. 201. Connections for a Speed Regulator with 16 Speed Points. 


may be left on any desired speed, and, when the motor is stopped and 
restarted from the pushbutton station, it will run at the speed at vrhich 
it was originally running. There is no difficulty about this if the 
amount of speed reduction is small, but if it is large the resistor 
required for the speed reduction will limit the starting current to an 
amount too low to start the motor. A printing press, for example, may 
have a point in its cycle at which a very high torque is required. 
When the press is running, the inertia of the machinery will carry it 
through the high-torque point easily; but, if it happens to stop at 
that particular point, it will take a high torque to restart it. The 
difficulty may be overcome by connecting a so-called high-torque 
contactor into the rotor circuit at the point which will short-circuit 
just enough resistance to provide the maximum motor torque. When 
the starting button is operated, the high-torque contactor closes at 
the same time that the line contactor closes, and it remains closed 
as long as the operator keeps his finger on the button. When the 
motor has accelerated, the operator releases the button and the high- 
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torque contactor opens, inserting additional resistance as determined 
by the setting of the speed-selecting master. 

If a relatively small number of speeds is desired, one resistor 
contactor is used for each speed point, but, if a large number of speeds 
is necessary, that arrangement would result in a large and expensive 
controller. To secure a large number of speeds with a small number 
of contactors, the resistor steps are tapered in ohmic value according 
to a geometric ratio, and contactors are closed in various combinations 
instead of a fixed sequence. For example, with four resistor steps, the 
ohmic values of the steps would be in the ratio 1, 2, 4, 8, and there 
would be four contactors, one arranged to short-circuit each step. 
Referring to Fig. 201, if the total resistance were 15 ohms, closing 
contactor 1 only would leave 14 ohms in circuit. Closing 2 only would 
give 13 ohms. Closing numbers 2, 3, and 4 would give 1 ohm. It will 
be evident that with the four contactors it is possible to get 16 speeds. 
Using five contactors, it is possible to get 32 speeds. 

Crane and Hoist Control. Magnetic control for a crane bridge or 
trolley motor is made up of a pair of magnetic reversing contactors 
with a disconnecting knife switch and suitable overload relays for the 
motor stator, and a number of magnetic contactors to commutate 
resistance connected in the rotor winding. A multipoint master gives 
about 5 speeds in each direction. The first point in either direction 
closes one of the direction contactors, and, with all resistance in 
circuit, about 80 per cent torque is obtained. This is a low-torque 
starting point and also a plugging point. Succeeding positions of the 
master close the rotor contactors in sequence, giving successively 
higher speeds, until on the last point the rotor is short-circuited. The 
rotor contactors may be controlled either by series current relays or 
by any of several methods of timing. The resistor is usually star- 
connected, so that two-pole contactors may be used to commutate it. 
The stator contactors may be either two three-pole devices or three 
two-pole devices. The latter is preferable, as one contactor may be 
used as a main contactor, closing in both directions; it will then permit 
stopping the motor if a ground or other fault prevents the direction 
contactor from opening. 

When a crane hoist is equipped with a wound-rotor motor, and the 
gearing is such that the load will overhaul and drive the motor when 
lowering, some special provision must be made to permit safe handling 
of the load in the lowering direction. Small cranes which do not 
require accurate stopping or spotting of the load may simply be 
equipped with a foot-operated brake, no provision being made for a 
slowdown before stopping. Some cranes are equipped with a device 
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called‘a load brake, which remains released as long as the motor is 
driving the load down but automatically sets to provide a braking 
action when the load begins to overhaul the motor. With either of 
these arrangements, the control need be only simple reversing equip¬ 
ment, as previously described. Brakes for retarding the load are 
subject to a good deal of wear and to heating, and so, particularly 
for larger motors, methods of obtaining electric braking have been 
developed. Two methods are common, one known as countertorque 
lowering or plugging lowering, and the other as the unbalanced-stator 
method. 

Countertorque Lowering. Figure 202 shows the connections for a 
controller with the countertorque method of lowering a load. The 
controller has the following devices: 

H Two-pole hoisting contactor 
L Two-pole lowering contactor 
M Two-pole main contactor 
OL 2 overload relays 

KS Main and control circuit knife switches 
1A-2-4-3.4 3 single-pole speed-selecting contactors 

44-5-4-6-4 -7-4 4 double-pole speed-selecting contactors 
RR A three-coil series relay 
VV Double-pole undervoltage relay 
ir Double-pole control relay 

The resistor steps Rl, Rll, and -ff21 are so high in ohmic value that 
it is not necessary to delay or control the operation of contactors 1-4, 
2.4, and 3.4 by any accelerating means. Contactor 4-4 is controlled 
by the series relay SR. No method of controlling 5.4 and 6.4 is shown. 
Any of the common accelerating means, timing relays, series relays, 
frequency relays, etc., may be used for that purpose. 

The undervoltage relay is closed in the off position of the master; 
thereafter it maintains its own circuit and sets up a circuit for one side 
of coils M, //, and L. If power fails, or if an overload occurs, UV 
opens, and the master must be returned to the off position to restart. 

To hoist, the master is moved to the first position in that direction, 
and contactors 4/, //, 1.4, 2.4, and 3.4 close. The resistor remaining 
in circuit will allow a starting torque of about 80 per cent of full-load 
torque. This is provided to permit taking up a slack cable. On the 
second point contactor 4.4 closes, increasing the torque to about 150 
per cent of full-load torque. The series relay SR is set to remain 
closed and does not delay the closing of 4.4. However, if the motor 
had been running in the lowering direction and Tvas then plugged to 
the hoisting direction, the relay would function on the high inrush 
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Fig. 202. Connections for a Crane Controller Using Countertorque for Lowering. 




420 


THE WOUND-ROTOR MOTOR 


current and would delay the closing of 4A, Contactor 4A is, then, 
the plugging contactor, and resistor steps R2, R12, and J222, are 
the plugging resistor steps. On the third and fourth points hoist¬ 
ing, contactors 5A and 6A are closed, further increasing the speed. 
Contactor 7A closes on the fifth point, and the motor runs at full 
speed. The operator may move the master back or ahead to any 
hoisting point, selecting the one that gives him the speed he desires. 

On the first point in the lowering direction, contactor M closes, 
but the motor is not energized because L does not close. No other 
contactors are closed on this point or on points 2, 3, and 4. Nothing 
happens until point 5 is reached, and on that point the motor is 
energized in the lowering direction by the closing of contactor L. If 
the master is left on that point, contactors 4/1, 5.4, 6A, and 7A will 
close in sequence, under the control of their accelerating means, and 
the motor will be brought up to full speed. This point is used to 
drive down an empty hook or a light load. It may also be used to 
lower an overhauling load, and the lowering speed will then be a 
little higher than synchronous speed. On the fifth point the relay 
1C is energized by a circuit through an interlock contact of L. 

Now, if the master is moved back to point 4, L will open and II 
will close, circuit for H being made through the contacts of 1C. All 
the seven rotor circuit contactors are opened and the motor is connected 
for hoisting, but with a high resistance in the rotor. The torque 
in the hoisting direction is too low to hoist the load, but, since it is 
opposing the pull of the overhauling load, it acts as a brake and 
retards the speed, iloving the master back to point 3 will further 
increase the braking torque by closing 1.4 and decreasing the resistance 
in the rotor circuit. The speed will be decreased. On point 2 con¬ 
tactor 2A closes, further increasing the braking torque, and similarly 
on point 1 contactor 3A closes, increasing it again. The master may 
be moved back or ahead to any of the first four i)oints, increasing 
or decreasing the braking torque to secure the desired control of the 
load, and on these points the motor will be connected in the hoisting 
direction so long as the load is heavy enough to overcome the hoisting 
torque applied. 

When the master is moved to the off position, the magnetic brake 
(not shown) is set to stop the motor. Contactors M, //, lA, 2A, and 
3A are kept energized until the motor stops, so that the countertorque 
may assist the brake. This is done by the relay IVRy which may be 
a voltage relay or a frequency relay, having its coil connected across 
the rotor of the motor and set to open at a voltage or a frequency 
corresponding to practically zero speed. 
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Referring to Fig. 203, which shows the speed-torque curves obtained 
with a controller of this kind, it will be evident that the curves on 
the countertorque points are rather flat, so that changes in the load 
will result in relatively great changes in speed. Also, if the operator 



Fig. 203. Speed-torque Cur^e^ for a Crane Controller Using Countertorque for 

Lowering. 

misjudges the load and tries to lower with too little retarding torque, 
the motor is likely to overspeed dangerously. Relays 2VR and ZVR 
are used to guard against this possibility. They are voltage or 
frequency relays, like IT’i?, and have their coils connected across the 
rotor slip rings. Relay 2T"i? is set so that, if the master is on point 
3 and the motor begins to overspeed, the relay will close and energize 
contactor 2A. If the speed is still too high, relay IVR will close 
and energize ZA, 
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Fio. 204. Connections for a Crane Controller Using the Unbalanced-stator Method of Lowering. 
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Countertorque control is used for cranes and hoists, for coal-handling 
bucket hoists, and for car-hauling hoists in mines. It offers a method 
of obtaining speed control of an overhauling load electrically. It 
requires more contactors and relays than a straight reversing controller, 
and it also requires about 50 per cent more resistor material. 

Unbalanced Stator Method. Figure 204 shows the connections for 
a hoist controller with the unbalanced-stator method of control. In 
hoisting, the circuit is the conventional three-phase arrangement, with 
resistance connected in the rotor circuit for speed regulation. In 
lowering, the voltages applied to the stator are unbalanced. An 
autotransformer is connected across two of the power lines, and a 
series of contactors connects the motor to one of several voltage taps. 
Voltages both lower and higher than normal are applied. 

When a motor stator is connected to an unbalanced voltage supply, 
the effect is the same as if two rotating fields were produced, rotating 
in opposite directions. One tends to rotate the motor clockwise; the 
other counterclockwise. The relative strength of the two fields may 
be varied by varying the amount of unbalance of the stator voltages 
and by varying the resistor in the rotor circuit. The resultant torque 
on the motor shaft is equal to the algebraic sum of the two opposing 
torques. The system is comparable to two identical motors mechani¬ 
cally coupled to the same load and connected for rotation in opposite 
directions. Such a system could be made to run at any desired speed, 
and in either direction, by varying resistance in the two rotor circuits. 

By properly selecting the unbalancing voltage and the rotor-circuit 
resistance, steep speed-torque curves, like those of a direct-current 
dynamic lowering hoist, may be obtained. Typical curves are shown 
in Fig. 205, and it will be evident that their characteristics are much 
more desirable than those of the reverse-torque method of control. 

In hoisting, the low torque on the first point is obtained with all 
rotor resistor in circuit and with one phase of the rotor open. This 
is a slack cable take-up point. The other four curves show the torques 
and speeds obtained by successive closing of the rotor circuit contactors. 
On all these points the stator voltage is balanced. 

In lowering, the first, second, and third speeds are obtained by the 
selection of suitable taps on the transformer and with a rotor circuit 
resistance of 50 per cent of E/I. The stalled torque of 10 per cent 
on the first point is selected to provide a minimum lowering speed 
without applying enough reverse torque to hoist an empty hook. The 
fourth and fifth speed points are obtained with full voltage on the 
motor and rotor resistances of 50 and 100 per cent of B//, respectively. 
When transferring from the third to the fourth speed point, the total 
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resistance is first inserted to reduce the current inrush and the motor 
is permitted to accelerate along curve 5L. A timing relay then operates 
to reduce the resistance and transfer the motor operation to curve 4L. 


Speed in per cent of 
synchronous speed 



Fig. 205. Speed-torque Curves for a Crane Controller Using the Unbalanced- 
stator Method of Lowering. 


Referring to the diagram of Fig. 204, the following is a list of the 
devices used: 

Af Double-pole main contactor 
H Double-pole hoist contactor 
L Three-pole lower contactor 

IL-2L-3L 3 single-pole contactors for changing transformer taps 

ALA Double-pole contactor for transformer and resistor connection 
2A-3A-4A 3 double-pole resistor contactors 
10L-20L 2 overload relays 

UV Double-pole undervoltage relay 
BR Double-pole brake relay 
1CT-2CT 2 condenser-type timing relays 

SR Three-phase current relay for'plugging 
2CR Single-pole control relay 
VR Single-pole voltage or frequency relay 
IJ -2J Condensers for the timing relays 
11/ Smoothing condenser for rectifier 
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The hoisting operation is as follows: 

In the off position, relay VV closes and thereafter maintains its own 
circuit. 

On the first point, contactors M, H, and relay BR close. 

The brake is released, and the motor starts with one rotor phase 
open. 

On the second point, contactor 4LA closes, closing the complete rotor 
circuit. 

On the third point, contactor 2A closes, increasing the torque and 
speed. 

On the fourth point, contactor 3A closes, further increasing the speed. 

On the fifth point, contactor 4:A closes, short-circuiting the rotor for 
full motor speed. 

If the master is moved rapidly, the closing of the accelerating con¬ 
tactors will be delayed by the timing relays ICT and 2CT, 

The lowering operation is as follows: 

On the first point, contactors L, M, and relay BR close, followed 
immediately by contactors 2A and IL. The stator of the motor is then 
connected to the lines through tap 2 of the transformer, and unbalanced 
voltages are applied to the three phases. The rotor resistor is balanced 
at about oO per cent of E/I. Relays ICT and 2CT are energized, and 
relay 2CR is prevented from closing. The speed-torque curve for this 
point is curv'e IL. 

On the second point, contactor IL is opened and contactor 2L is 
closed. The stator is now connected to tap 6 of the transformer, and 
the applied voltages are unbalanced to a different degree. The curve 
for this point is 2L. 

On the third point, contactor 2L is opened and contactor 3L is closed. 
The stator is now connected to tap 10 of the transformer, and the 
unbalance of the applied voltages is again changed. 

The curve for this point is 3L. 

When the master is moved to the fourth point, contactors 3L and 
2A are opened and ALA is closed. The applied stator voltages are 
unbalanced, and the rotor circuit resistance is increased to 100 per cent 
of E/L The motor characteristic is now shown by curv^e 5L. An 
interlock contact of ALA de-energizes the relay 2CT, and after a time 
interval 2CT operates, closing the circuit to 2CRj and through 2CR to 
2A. When 2A closes, the resistance is again reduced to 50 per cent of 
E/I and the motor characteristic is that shown by curv^e AL. This 
method of transfer avoids an objectionable current inrush which would 
be obtained with an empty hook, if the transfer were made directly 
from curve 3L to curve 4L. On the fifth point of the master, relay 
2CR and contactor 2A are opened. This provides an increase in the 
lowering speed to about 150 per cent of rated motor speed, with full 
load on the hook, as shown by curve 5L. 

Deceleration is accomplished by moving the master back step by 
step to any desired point. If the master is moved to the off position 



BRAKING WITH DIRECT CURRENT 


427 


when the motor is running at a low speed, all relays and contactors 
except UV drop open, and the motor is disconnected and the brake set 
to hold the load. If the speed of the motor is not low, the relay VR 
will remain closed, maintaining the circuit to contactors L, Af, IL, and 
2A, and so providing a negative torque to stop the motor. At or near 
zero speed, VR opens and all contactors are de-energized. 

Braking with Direct Current. The idea of applying direct current 
to one phase of the stator winding to obtain a braking torque when 
lowering a load is old in the art but, to the best of the author's 
knowledge, has not been used to any great extent. This is probably 
because of the extra motor-generator set required and the fact that 
the direct current must be supplied by a generator specially built 
for the particular application. The controller is of a conventional 
reversing design, as used to control the bridge or trolley motions of 
a crane, with the addition of a double-pole contactor for connecting 
the direct-current supply to one phase of the motor stator when 
lowering. 

With direct current so applied, and with an overhauling load turning 
the motor, a voltage is generated in the rotor, and current flows in the 
rotor windings and through the resistor connected in the rotor circuit. 
The energy of the falling load is dissipated as heat in the resistor, 
and dynamic braking is secured. 

The braking effect may be varied from the master controller in 
either of two ways. The rotor circuit resistance may be varied by 
closing the accelerating contactors, one at a time. The more usual 
method is to vary the voltage of the direct-current generator by 
changing the strength of its field. Small relays controlled from the 
master are used for this purpose. The second method permits adjust¬ 
ment of each speed point to the exact value desired, whereas, with the 
first method, the speeds are fixed by the design of the resistor, which 
is determined by the requirements of hoisting. 

In order to develop full-load retarding torque, it is necessary to 
apply direct current equal to 100 to 130 per cent of the normal stator 
current. The direct voltage required is determined by the current 
and by the resistance of the stator. A rough approximation of the 
direct-current power required would be one-eighth of the power of 
the hoist motor. The direct voltage might be about 32 volts for a 
550-volt alternating-current supply. In order to permit driving down 
an empty hook or a light load, one point on the lowering side of the 
master is arranged to disconnect the direct current and accelerate 
the motor to full speed on alternating current. 
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Ratings. For any of the above-described crane and hoist controllers, 
NEMA standard ratings are given in Table 32. These ratings are 
for contactors in the motor primary, or stator, winding. 


TABLE 32 

Ratings of Crane Controllers 


8~hmr Rating, 

Crane Rating, 

Hp at 

Hp at 440 

amperes 

amperes 

220 volts 

and 550 volts 

50 

50 

15 

25 

100 

133 

40 

75 

150 

200 

60 

125 

300 

400 

150 

300 

600 

800 

300 

600 

900 

1200 

450 

900 

1350 

1800 

600 

1200 


Accelerating contactors should be equipped with blowouts and should 
have a crane rating of not less than the full-load secondary (rotor) 
current of the motor. When used for motor secondary control, the 
ampere rating of a three-pole alternating-current contactor, with its 
poles connected in delta, is 1.5 times its standard crane rating. 

The number of accelerating contactors exclusive of the plugging 
contactors for reversing controllers, and of the low-torque contactor 
for hoist controllers, is as follows: 


Motor 

Minimum Number 

Horsepower 

of Accelerating 

Rating 

Contactors 

15 and less 

2 

16 to 75 

3 

76 to 200 

4 

Above 200 

5 


Electric Load Brake. The thrustor-operated brake, described in 
Chapter 20, may be used as an electrically operated load brake to 
control the speed of an overhauling load. A reversing magnetic 
controller, having a resistor connected in the rotor circuit and a set 
of accelerating contactors to commutate the resistor, is used. In 
hoisting, the motor of the thrustor brake is connected to the stator 
side of the main motor and so operates at full voltage and frequency 
to release the brake. The slowest lowering speed is obtained by 
opening the rotor circuit of the motor and connecting the thrustor 
motor to the rotor slip rings. Since the hydraulic pressure of the 
thrustor is obtained by means of a straight-blade impeller acting as 
a centrifugal pump, the pressure varies approximately as the square 
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of the speed of the thrustor motor. The speed of that motor is 
determined by the frequency of the power supplied to it or, in other 
words, by the speed of the main motor. With the main motor rotor 
circuit open, the motor will not deliver any torque. A light overhaul¬ 
ing load will turn the motor slowly, the frequency at the slip rings 
will be high, and the brake will be almost entirely released. A heavy 
overhauling load will turn the motor faster, the frequency at the slip 
rings will be lower, and the brake will be partially set. The degree 
of braking obtained will be determined by the load. 

The second lowering point gives a higher speed by closing one phase 
of the rotor-circuit resistor. The motor delivers a low torque, and 
the net torque is the difference between the torque of the motor and 
that of the brake. The third point gives a still higher speed by 
connecting in the entire three-phase resistor and so increasing the 
motor torque. On the fourth and fifth points the thrustor is transferred 
to the stator side of the motor and the brake is completely released. 
The speeds will be above synchronous speed in an amount determined 
by the amount of resistance in the rotor circuit and by the amount 
of the overhauling load. 

Speed Adjustment by Concatenation. Two induction motors are 
said to be connected in concatenation, or cascade, when their shafts 
are rigidly coupled together and when the secondary winding of the 
first, motor is electrically connected to the primary winding of the 
second motor. When the motors are connected so that they tend to 
revolve in the same direction, they are said to be in direct concatena¬ 
tion; when they tend to revolve in opposite directions, they are said 
to be in differential concatenation. The change from one to the other 
is accomplished by reversing one phase of the secondary grinding of 
the first motor. One of the motors must be of the slip-ring type; the 
other may be either a squirrel-cage or a slip-ring motor. With two 
motors in cascade, a total of four economical speeds is available. 
Either motor alone may be connected to the line, or the two may be 
connected in direct or differential cascade. In cascade the motors will 
run at a speed equivalent to that of a motor having the same number 
of poles as the two motors together, adding the poles for direct cascade 
and subtracting for differential cascade. The speed in cascade may 
be determined from the equation 


Rpm 


Frequency X 120 
PI + P2 


PI is the number of poles of the first motor, and P2 of the second 
motor. 
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Cascade control is not very practicable. The exciting volt-amperes 
of the set will be the sum of those of the individual motors. The 
reactance also will be the sum of those of the two machines. With two 
equal motors, the combined output at pullout will be less than half of 
the output of one machine alone. The losses of the set will be the 
sum of those of the two machines, so that the efficiency will be low. 
A differential cascade set will not have sufficient torque to accelerate 
but must be brought up to speed by the second motor alone. 

Thfe Kraemer System. There are several methods of controlling the 
speed of a slip-ring motor which necessitate auxiliary machines. The 
general principle is the introduction of a countei^’oltage into the rotor 
circuit of the motor to increase the slip at any given load and speed. 
The slip energy, which is lost with resistance control, is saved with 
these control systems, being either returned to the line as electric 
energy or converted to mechanical power and applied to the shaft of 
the main motor. The cost of the auxiliary machines limits the use 
of these systems to large motors, where the energy saved will justify 
their cost. They are used for main mill drives in steel mills, where 
the motors may be from 500 to several thousand horsepower in rating, 
for the cutter motors on large dredges, and for similar applications. 

Figure 206 shows the arrangement of a constant-horsepower Kraemer 
system. The main motor is started as a conventional slip-ring motor 
by the use of a resistor in the rotor circuit. When the motor is up 
to speed it is disconnected from the starting resistor by the opening 
of contactor S, and the rotor is connected to the alternating-current 
winding of a rotary converter by the closing of the running contactor 
R. An auxiliary direct-current motor, mechanically connected to the 
shaft of the main motor, has its armature connected to the direct- 
current winding of the converter. The field windings of the converter 
and the direct-current motor are separately excited. The voltage 
applied by the converter to the main motor rotor is determined by 
the countervoltage of the direct-current motor, which may be regulated 
by varying the strength of the motor field. The speed of the main 
motor may then be controlled from the direct-current motor field 
rheostat. Some power-factor correction may be obtained by over¬ 
exciting the converter field. 

The direct-current motor, instead of being coupled to the shaft of 
the main motor, may be coupled to a separate generator, connected to 
return power to the supply lines. With this arrangement the system 
delivers constant torque. 

With either arrangement any desired speed reduction may be ob¬ 
tained, the size of the auxiliary machines becoming larger as the 
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required speed reduction increases. For example, if the system is to 
provide 50 per cent reduction in speed, the direct-current motor must 
be capable of delivering half of the main motor rating at half of its 
speed, and it will be as large as the main motor. Most Kraemer sets 
are used to provide 25 to 35 per cent speed reduction, with 50 per cent 
as a practical maximum. 

A-c lines 




Fig. 206. Connections for a Constant-horsepower Kraemer System. 

Since the frequency of the power supplied to the slip rings approaches 
zero as the speed approaches synchronism, the Kraemer system be¬ 
comes unstable at speeds near synchronism. For this reason the 
system is usually limited to operation at speeds below synchronism. 

The initial cost of the system is less when 60-cycle power and high 
machine speeds are used. The constant-horsepower drive will cost 
less than the constant-torque drive, because of the additional machine 
required by the latter. It is general practice to bring out both ends 
of the rotor windings of the main motor, using six slip rings on motor 
and converter, as this connection results in a less costly converter. 
With this exception the machines for the Kraemer system are of 
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standard design, as used for many other purposes; this is a decided 
advantage of the system. 

The Scherbius System. Figure 207 shows the arrangement of a 
Scherbins drive. The system uses two special machines, one for speed 
regulating and the other for carrying the system through the unstable 
speed range near synchronism to speeds above synchronism. The 
regulating machine is similar in construction to a direct-current gen- 



Fig. 207. Connections for a Constant-torque Double-range Scherbius System. 


erator and is coupled to an induction motor. The other machine is 
called the ohmic-drop exciter and is coupled to the shaft of the main 
motor. The regulator receives its field excitation partly from the 
slip rings of the main motor, through an autotransformer, and partly 
from the ohmic-drop exciter. It delivers a three-phase voltage of the 
same frequency from its alternating-current commutator to the main- 
motor slip rings. 

Speed regulation is obtained by changing the autotransformer tap 
connections and so varying the field strength of the regulating machine, 
the field strength determining the value of the voltage applied to the 
main-motor slip rings. At speeds below synchronism, power flows 
from the main-motor rotor to the regulating machine, which drives 
the induction machine as a generator and returns power to the lines. 
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If the field of the regulating machine is reversed, the direction of 
power flow will be reversed and the entire system will operate at 
speeds above synchronism, but provision must be made to carry the 
system through the unstable range near synchronism. The exciter 
for that purpose is mounted on the extended shaft of the main motor. 
It has the same number of poles as the main motor, so that its 
frequency of rotation is the same. It delivers a constant voltage from 
its commutator to the field windings of the regulating machine. At 
speeds near synchronism, when the frequency is approaching zero, this 
voltage furnishes enough excitation to the regulating machine to enable 
it to supply current to the main-motor rotor. Since the only opposition 
is the ohmic drop of that circuit, the machine is known as an ohmic- 
drop exciter. The current supplied is in excess of that required to 
drive the load, and it provides the torque necessary to carry through 
the unstable period into stable speeds above synchronism. 

As compared to the Kraemer system, the Scherbins system has the 
disadvantage of requiring two special machines of types used for that 
purpose only. It has the advantage of operating readily both below 
and above synchronism. No direct-current excitation is necessary, 
all power being drawn from one source of supply. The system is 
satisfactory for either 60 cycles or 25 cycles, the cost of the regulating 
machines being greater for 60 cycles. The maximum speed range 
available for 60 cycles is 2 to 1, whereas for 25 cycles it is 5 or 6 to 1. 
The cost of the system increases with the speed range. The power 
factor will be 90 to 95 per cent, or higher, but is not subject to 
adjustment. 

Frequency-changer System. Figure 208 shows the arrangement of 
a frequency-changer system. The frequency changer is a machine 
similar in construction to the ohmic-drop exciter of the Scherbius 
system. It is driven by a small synchronous motor which supplies its 
mechanical losses. The synchronous motor has the same number of 
poles as the frequency changer. The slip rings of the frequency 
changer are connected to the stator of another synchronous motor, 
which is coupled to the shaft of the main motor and which has the 
same number of poles as the main motor. The function of the 
frequency changer is to convert the frequency of the synchronous 
motor to that of the main-motor rotor without affecting the voltage. 
Since it rotates at synchronous speed, with slip frequency applied to 
its commutator, the slip-ring frequency will be the same as that of 
the synchronous motor, or the difference between line frequency and 
slip frequency. The terminal voltage of the synchronous motor may 
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then be varied by increasing or decreasing its field strength. This will 
similarly vary the voltage impressed on the main motor rotor, resulting 
in a change in the speed of the whole drive. 

The frequency-changer system may also be arranged to deliver a 
constant torque. The frequency changer is then driven from the main 

A-c lines 



Small syn. motor field 


Fig. 208. Connections for a Constant-horsepower Frequency-changer System. 

motor shaft, and its slip rings are connected to the power lines through 
a tap-changing transformer. The synchronous motor is not required. 
The speed is varied by changing the tap connections to the transformer. 

This system has the disadvantage of requiring a special machine, 
the frequency converter, which is not in general use for other purposes. 
Its use is confined to 25-cycle power systems and to relatively small 
speed ranges (10 to 15 per cent on each side of synchronism), although 
it will carry through the synchronous speed and operate above syn¬ 
chronism. The size and cost of the auxiliary machines are greater 
at low synchronous speeds and increase with the range of speed control 
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required. The power factor is 90 to 95 per cent and is subject to 
some adjustment by shifting the brushes of the frequency changer. 

Application of the Wound-rotor Motor. The wound-rotor motor is 
useful where high starting torque with low starting current is desired. 
Heavy loads can be started slowly and smoothly, without undue line 
disturbance. It is also used where speed regulation is desired, as on 
fans, centrifugal pumps, stokers, and printing presses. 

The disadvantages of the motor, as compared to the squirrel-cage 
motor, are the complications of machine, control, and wiring, intro¬ 
duced by the rotor connections, and the higher cost of the motor and 
control. 

The motor is particularly applicable to cranes, hoists, coal-handling 
bridges, and similar applications, where speed control of a variety of 
loads is required and where overhauling loads must be safely lowered. 

Design of Resistors. Slip-ring Motor. Accelerating. Resistance is 
used in the secondary circuit of slip-ring motors for acceleration, 
plugging, and speed regulation. The ohmic value of the resistance 
is based on the voltage generated in the secondary windings and on 
the full-load secondary current. The voltage and current, being matters 
of motor design, vary widely in motors of the same size but of different 
manufacture. The data for any particular motor, obtainable from the 
manufacturer, will be given either in volts and amperes or in ohms and 
amperes. If given in volts and amperes. 


E = voltage across the slip rings at standstill. 

I = amperes in the secondary winding at full load. 


If given in ohms and amperes, the value of ohms is that which would 
allow full-load amperes to flow, wdth voltage equal to the open-circuit 
voltage at standstill. The open-circuit voltage may then be determined 
from the equation 

E = RX IX 1.73 [1] 


The values given for the secondary volts and amperes may be checked 
from the equation 


Efficiency = 


Hp X 746 
EXIX 1.73 


[ 2 ] 


If the efficiency as calculated from this equation is less than 85 per 
cent, or greater than 100 per cent, the data are probably incorrect 
and should be checked wuth the manufacturer of the motor. 
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The controller resistance may be connected in star or in delta. If 
connected in star, the resistance in each phase is 



1.73/. 


where /. is the starting inrush current. 
If connected in delta, 

L73E 



[3] 


[4] 


The resistance taper may be either calculated or determined graph¬ 
ically in the manner described for the shunt motor. The torque may 
be assumed to be proportional to the secondary current, wdthin practical 
limits. On the basis of equal inrushes on each point of the controller, 
and of cutting out the steps w’hen the secondary current falls to 120 
per cent, the inrushes and taper shown in Table 33 will apply. One 
hundred twenty per cent is selected as a safe point to cut out the 
steps in series relay control. If the current is allowed to drop lower, 
the inrushes wdll, of course, also be lower. 


TABLE 33 

Resistor Taper for Slip-ring Motors 


Number 

Secondary 

Primary 

Taper of Resistance Steps 

of Steps 

Inrush 

Inrush 

in per cent of Total 

1 

320 

300 

100 

2 

250 

230 

70-30 

3 

210 

195 

55-30-15 

4 

180 

165 

40-30-20-10 

5 

• 166 

155 

34-26-10-13-8 

6 

155 

150 

29-23-18.5^13.5-9.5-6.5 


Plugging. The total resistance required for plugging is 


Rt = 


hSE 

1734 


[5] 


where Ip is the plugging inrush. 

The plugging step is the difference between the total resistance and 
the accelerating resistance. 

Speed Regulating. The speed of a slip-ring motor is inversely 
proportional to the resistance in the secondary circuit and to the 
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secondary current. The resistance required to give a desired speed 
reduction is 

EXS 

R =- [6] 

1.73/ X 100 ^ ^ 

where S = the slip, or percentage speed reduction. 

I = the current at the reduced speed. 

This value of R is the total resistance, including the motor and line 
drop, and S is the slip as compared to synchronous or no-load speed. 




ao 1.0- 

w ^ - 

100 200 300 400 500 

Horsepower 

Fig. 209. Average Slip of Slip-ring Motors at Full Rated Load. 

For most applications the line drop may be disregarded. Figure 209 
shows average values for motor slip at full load. The resistance of 
the motor may be calculated from these values, and the equation 

" 1.73/ X 100 ^ ^ 

where Rm is the resistance of the motor. 

Sm is the motor slip at full load, in per cent of synchronous speed. 
E is the voltage across the slip rings at standstill. 

I is the full-load rotor current per phase, in amperes. 
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The use of these average values will give suflScient accuracy for most 
applications. The slip is lower for motors with a small number of 
poles, and higher for motors with a large number of poles. The values 
of Fig. 209 are average for 8-pole motors. Values for 4-pole motors 
would be about 30 per cent lower, and for 16-pole motors about 30 per 
cent higher. Where extreme accuracy is necessary, actual values for 
the motor in question should be obtained from the motor manufacturer. 
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Problems 

1. If a wound-rotor motor has a synchronous speed of 1800 rpm and its full¬ 
load running speed is 1710 rpm, what is the per cent slip at full-load? 

2. If the resistor of a wound-rotor motor controller is designed to obtain 
50 per cent speed at 50 per cent torque, what will be the starting torque wdth 
the motor at rest? 

3 . The voltage measured across the slip rings of a 50-horsepower wound-rotor 
motor at standstill is 260 volts. The motor is 95 per cent efficient. What will 
be the rotor current in each phase when the motor is operating at full rated load? 

4 . A wound-rotor motor having the characteristics of Fig. 169 has a rotor 
voltage at standstill of 175 volts and a rotor current of 75 amperes at full rated 
load. How many ohms are required in each phase of a star-connected resistor 
which will enable the motor to produce the maximum possible torque when 
starting from rest? 

6. At what per cent of s 5 mchronous speed will the motor run if the resistor 
is left in circuit and the motor is fully loaded? 

6. The manufacturer of a wound-rotor motor says that its rotor characteristics 
are 230 volts and 1.33 ohms. What is the rotor full-load current? If this is a 
50-horsepower motor, what is its efficiency? 
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7. How many ohms per phase will be required in a star-connected resistor 
which will limit the initial starting current to 150 per cent of full-load current? 

8 . How many additional ohms will be required to limit the current to the 
same value when the motor is plugged? 

9. How many ohms will be required in a resistor which will cause the motor 
to run at 80 per cent speed when 80 per cent loaded? 

10. An 1800-rpm wound-rotor motor has secondary characteristics of 250 volts 
and 150 amperes. When it is running with a resistor in the rotor circuit, a volt¬ 
meter measures 75 volts between slip rings. What is the motor speed? 

11. A control manufacturer receives an order for controllers for five slip-ring 
motors. The rotor characteristics are given as follows: 

A 25 horsepower, 115 volts, 98 amperes. 

B 30 horsepower, 1.40 ohms, 75 amperes. 

C 50 horsepower, 200 volts, 85 amperes. 

D 100 horsepower, 1.48 ohms, 150 amperes. 

B 200 horsepower, 2.30 ohms, 600 volts. 

Which of these may be accepted as correct, and which are in error? 

12. A 150-horsepower slip-ring motor has rotor characteristics of 550 volts and 
120 amperes. Calculate the ohms in each step of a two-step resistor, star- 
connected, which will allow a starting inrush of 250 per cent of rated current. 
Use a taper of 70-30. 

13. Calculate an equivalent resistor for the motor of problem 12, except using 
two steps each connected in delta, the two deltas being in parallel on the second 
step. 

14. A lOO-horsepower slip-ring motor has rotor characteristics of 550 volts and 
80 amperes. Its resistance is 5 per cent of B/I. Calculate the ohms required 
in a star-connected resistor to give 180 per cent inrush on the first starting point. 

16. For the motor of problem 14, calculate the ohms in the last two steps of 
a resistor which will cause the fully loaded motor to run at 85 per cent of rated 
speed with the last step in circuit, and at 75 per cent of rated speed with the 
last two steps in circuit. 

16. A controller for a motor driving a printing press uses the circuit of Fig. 201. 
The motor is rated 10 horsepower, 440 volts, three phase, 60 cycles, and the 
rotor characteristics are 300 volts and 15 amperes. Neglecting motor resistance, 
calculate the ohms required in each step of a resistor which will permit a total 
speed reduction of 75 per cent of rated speed. 

17. A 20-horsepower slip-ring motor has a controller which gives the character¬ 
istic curves of Fig. 193. If the rotor characteristics are 300 volts and 30 amperes, 
how many ohms will be required in each leg of a star-connected resistor which 
is designed to give the maximum possible starting torque on the first point? 

18. What current would be obtained if the motor of problem 17 is plugged 
when it is running at half speed? 

19. A 75-horsepower slip-ring motor, with rotor characteristics of 400 volts and 
78 amperes, is driving a centrifugal pump which has the load characteristics of 
Fig. 65. Calculate the ohms in each step of a star-connected resistor which will 
give the operating curves shown in Fig. 65, using a graphical method to derive 
the resistance taper. 

20. Referring to problem 19, what current will be obtained on each step of 
the resistor, if the resistor is used for speed-regulating duty? 
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21. A 100-horsepower slip-ring motor has rotor characteristics of 550 volts and 
80 amperes. The resistor which is used with it consists of three sections, each 
consisting of 120 cast-iron grids connected in series. The motor is rewound to 
have rotor characteristics of 275 volts and 160 amperes. How should the resistor 
be rearranged to suit these characteristics? 

22. A factor>" has a 40-horsepower slip-ring motor which has been used to drive 
a machine which required speed control. The motor is to be transferred to 
another machine which does not require speed control, and the owner asks 
whether he may now use an autotransformer starter to control the motor. Can 
this be done, and if so what must be done to the motor? 

23. A 25-cycle slip-ring motor has a slip of 5 per cent at full load. What is 
the frequency of the rotor current under those conditions? 

24. An 1800-rpm slip-ring motor on an elevator has a slip of 5 per cent at full 
load. At what speed will it run when lowering full load, assuming 100 per cent 
efficiency of the hoisting mechanism? 

26. How much resistance, in per cent of Ejl, would have to be used in the 
rotor circuit to permit the elevator to lower a full load at 150 per cent of 
synchronous speed? 
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General Description. Single-phase motors are used in large num¬ 
bers, particularly in fractional-horsepower sizes. Since a single-phase 
stator winding does not produce a rotating field, a motor provided 
with that winding only will have no starting torque. Once started, the 
rotor will set up a pulsating field, which will lag the stator field by 
90 degrees and which will be approximately equal to the stator field 
in strength. The net result will be a rotating field that will keep the 
motor running in the direction in which it is started. The motor is, 
then, provided with some form of starting winding, arranged to pro¬ 
duce a field out of phase with the stator field, and so produce a start¬ 
ing torque. When the motor has reached 75 or 80 per cent of syn¬ 
chronous speed, the starting winding may be opened, either by a 
centrifugal switch in the motor or by a relay on the motor controller. 

Single-phase motors are more complicated and, therefore, in gen¬ 
eral, larger and more costly than polyphase motors of the same rating. 
They find a wide field of application where single-phase power only 
is available, as in homes and small shops. Typical applications are 
vacuum cleaners, sewing machines, stokers, food mixers, fans, pumps, 
small wood- and metal-working tools, portable drills, and countless 
others. 

Types. Single-phase motors are identified by the method of start¬ 
ing which they employ; they fall into one of the following types. 

Split phase 
Resistance start 
Reactor start 
Capacitor start 
Capacitor 
Series (universal) 

Repulsion 

Compensated repulsion 
Repulsion-start induction 
Repulsion induction 
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Motor Ratings. NEMA standard ratings for fractional-horsepower 
single-phase motors are given in Table 34. 

TABLE 34 


Ratinos op Fractionai/-hobsepoweb Motors 



60-cycle Speeds 

25-cycle Speeds 

Synchro- 

ApproxirnaJtdy 

Synchro¬ 

ApproxirnaJtdy 

Brake horsepower 

nous 

FuU Load 

nous 

FuU Load 

1 

3600 

3450 



H 

3600 

3460 



H 

1800 

1725 

1500 

1425 


3600 

3450 




1800 

1725 

1500 

1425 


1200 

1140 




[3600 

3450 




1800 

1725 

1600 

1425 

H H Hi Ho 

1200 

1140 


900 

860 




NEMA standard ratings for open and semi-enclosed, continuous- 
duty, constant-speed, single-phase, integral-horsepower motors are 
given in Table 35. 

TABLE 35 

Ratings of Integral-horsepower Motors 


60 cycles 

Horsepower Synchronous Speeds 
1 ' 1800 1200 900' 


UA 3600 
2 
3 
5 

m 

10 

15 

20 

25 “ 




25 cycles 

Horsepower Synchronous Speeds 
1 3000 1500 1000 750 


IJ^ 

2 

3 

5 

10 

15 

20 


Standard voltages for all the above motors are 115 and 230 volts, 
and standard frequencies are 25 and 60 cycles. 

Controller Ratings. Rating of Manually Operated Controllers. 
Ratings of enclosed, across-the-line, manually operated starters for 
single-phase motors are given in Table 36. 

Rating of Magnetic Controllers. The NEMA ratings of across-the- 
line magnetic controllers for single-phase motors, given in Table 37, 
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TABLE 36 

Ratinos of Manual Controllebs 


NEMA 

Size 

0 

1 


8~hmr 

Rating, 

amperes 

15 

25 


Horsepower at 

110 voUs 220 voUs 440-560 voUs 

1 m 

m Z 5 


apply to either two-pole or three-pole contactors for reversing or non¬ 
reversing service. 

TABLE 37 

Ratings of Magnetic Controllers 


NEMA 

8~hour Open 

Ratinn nf CnnJunfjnr. 

Horsepower at 


Size 

amperes 

110 volts 

220 volts 440-550 voUs 

00 

,, 


H 

, , 

0 

15 

1 

IH 


1 

25 

IH 

3 

5 

2 

50 

3 

7}i 

10 

3 

100 

714 

15 

25 


The ratings for reduced-voltage starters are the same as shown in 
the table, except that these starters are not made in sizes 00 and 0. 

When magnetic controllers are used on plug-stop or jogging duty at 
a rate in excess of five operations per minute, it is recommended that 
the ratings be reduced to those given in Table 38. 


TABLE 38 

Ratings of Controllers for Jogging Duty 


NEMA 

8-hour Open 

R.fdin/i nf Cnminrinr. 

Horsepower at 

Size 

amperes 

110 volts 

220 voiUs 

440-560 vdis 

00 

,. 


H 

, . 

0 

15 

H 

H 


1 

25 

1 

2 

3 

2 

50 

2 

5 

7)4 

3 

100 

5 

10 

15 


- The Split-phase Induction Motor. The split-phase induction motor 
is one of the more popular types, being widely used in fractional- 
horsepower sizes. 

It obtains its starting torque from an auxiliary winding, which is 
displaced in magnetic position from the main winding and is connected 
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in parallel with the main winding. The auxiliary or starting winding 
is disconnected by a centrifugal switch, built into the motor and set 
to open when the motor has reached about 75 or 80 per cent of 
synchronous speed. The motor may be started in either direction by 
interchanging the connections of the starting winding; once started, 
it will continue to rotate in the starting direction. 

The starting torque of a split-phase motor varies with the size and 
speed of the motor, 150 per cent of rated torque being an average 
value. The starting torque of motors designed for infrequent service 
will be higher. 

Split-phase motors may be wound for two speeds by means of two 
independent sets of running and starting windings. 

The control for these motors is usually very simple, being just a 
snap switch or some form of manually operated device which connects 
the motor to the line to start and disconnects it to stop. An overload 
relay is built into some types of starting switch. 

Resistance-start Motor. A resistance-start motor is a form of split- 
phase motor having a resistance connected in series with the starting 
winding. The starting circuit is opened when the motor has attained 
a predetermined speed. 

Reactor-start Motor. A reactor-start motor has two windings, as 
described above, and in addition a reactor connected in series with the 
running winding during the starting period. When the motor reaches 
about 75 per cent of full speed, the reactor is short-circuited, and at 
the same time the starting winding is opened. The purpose of the 
reactor is to reduce the starting current without substantially reducing 
the starting torque. The centrifugal switch in the motor has to be 
a single-pole double-throw device. 

The Capacitor-start Motor. A capacitor-start motor is a form of 
split-phase motor having a capacitor connected in series with the 
auxiliary winding. The rotor is a squirrel cage, like that of a polyphase 
motor. The current in the main stator winding lags behind the line 
voltage; the current in the auxiliary winding leads the line voltage, 
^ith suitably designed windings and a suitable capacitor, the two 
currents will be approximately 90 degrees apart electrically and 
approximately equal in value. Consequently, the motor will have 
operating characteristics similar to those of a two-phase motor. The 
starting current of the motor will be less than that of an equivalent 
split-phase motor, and the starting torque will be more than twice 
that of the split-phase motor. The efficiency will be high, and the 
power factor practically 100 per cent. These characteristics have made 
the capacitor-start motor very popular, particularly for drives re- 
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quiring high starting torque, such as refrigerator compressors. The 
auxiliary winding of small motors is opened by a centrifugal switch 
when the motor has reached 75 or 80 per cent of synchronous speed. 
Larger motors may have a separately mounted relay for that purpose. 

Since the size of the capacitor required is inversely proportional to 
the voltage, it is advantageous to keep the voltage relatively high on 
the starting winding. Some manufacturers wind all motors for 220 
volts on the starting winding and supply a small transformer for that 
winding when used on 110 volts. This has a further advantage in 
permitting the use of the same control equipment and the same 
capacitor for all applications. 

The Capacitor Motor. A capacitor motor is defined by the American 
Standards Association as a single-phase induction motor with a main 
winding arranged for direct connection to a source of power and an 
auxiliary winding connected in series with a capacitor. The capacitor 
may be connected into the circuit through a transformer, and its 
value may be varied between starting and running. 

The effect of a capacitor in the circuit when running is to increase 
the efficiency and power factor and to make the motor run more 
quietly. The common practice is to have two capacitors: one for 
starting, which is cut out when the motor is up to speed, and one for 
running, which is left in circuit. Another method of obtaining* the 
same result is to increase the voltage across the capacitor during the 
starting period by connecting it to an autotransformer. The trans¬ 
former may be left in circuit or may be cut out after starting. 

Control for Capacitor Motors. The control equipment for a capaci¬ 
tor motor is usually built in two separate units, one consisting of the 
starter proper and the other of the capacitor and the devices associated 
with it. The capacitor unit is supplied by the motor manufacturer, 
but the starter unit is generally purchased separately by the ultimate 
user of the motor. The starter unit may be any form of line starting 
device suitable for induction motors. A magnetic contactor with 
thermal overload relay is frequently used for remote control. A safety 
switch, or any of the many types of manual starters for small motors, 
is satisfactory. The control apparatus supplied with the capacitor 
unit depends on the method of commutating the starting winding. 
The following are typical forms of control: 

1. Capacitor permanently in circuit. 

2. Capacitor cut out after starting: 

(a) By current relay. 

(b) By time relay. 

(c) By voltage relay. 
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3. Fart of capacitor cut out after starting; 

(a) By current relay. 

(h) By time relay. 

(c) By voltage relay. 

4. Autotransformer, commutated after starting: 
(fl) By current relay. 

(b) By time relay. 

(c) By voltage relay. 


LI L2 LI L2 



Type 1 Types 2A and 3A 


LI L2 



LI 


L2 


M nT Run 

HI-£5-^W\r 


M Start 


HI- 


R 


Types 2C and 3C 


for Capacitor Motors. 


6. Autotransformer, opened after starting; 

(o) By current relay. 

(b) By time relay. 

(c) By voltage relay. 

In the diagrams (Figs. 210 and 211) the starting unit is represented 
by the magnetic contactor M and the thermal overload OL. No 
auxiliary control is required for type 1; the auxiliary control for types 
2 pnd 3 is the same. 
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For current control, a current relay has its coil in series with the 
running winding and a normally open contact in series with the starting 
capacitor. The initial inrush, when the motor is connected to the 
line, closes the relay, connecting the capacitor into circuit. When the 
motor comes up to speed and the current falls, the relay opens, cutting 
out the capacitor. The relay is adjusted to close at approximately 
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Types 2C and 3C reversing Type 4A 
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Type 5A Universal voltage scheme 

Fig. 211. Connections for Capacitor Motors. 


300 per cent of normal full-load running current and to open at 
approximately 200 per cent. The starting inrush in the capacitor 
circuit is 2 to 2^ times rated motor current, and the current at the 
time the circuit is opened is approximately 30 to 50 per cent of rated 
motor current. Since the relay coil remains in circuit, the relay will 
close if the motor tends to stall under load, and the capacitor will be 
re-inserted. This is not undesirable, as it increases the pullout torque 
of the motor from approximately 150 to approximately 210 per cent, 
and so helps to avoid stalling on a peak load. However, the starting 
capacitor cannot be left in circuit very long, as its rating is usually 
limited to 5 minutes' service. 
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There are a number of methods of obtaining time control for starting, 
generally based on the use of a thermal timing device, because that 
is the least expensive type of timer. The thermal timer may be made 
of a piece of bimetal on which a heating coil is wound, or the heating 
current may pass through the bimetal itself. The action of the device 
is the same as that of a thermostat. The heater may be connected in 
the motor circuit or directly across the line or through a transformer 
across the line. Since the thermal relay is a slow make-and-break 
device, a relay is generally used with it to handle the motor circuit, 
and a contact of the same relay may be used to cut off the thermal 
relay after it has operated. In the arrangement shown in the diagram, 
the heater of the thermal relay is connected across the line in parallel 
with the main contactor coil. The contact of the thermal relay 
energizes a small control relay which opens the capacitor circuit and 
cuts off the heater. 

Control by voltage requires a shunt relay which is normally closed. 
The coil may be connected across the starting winding of the motor 
or across the capacitor. The relay is set to open on approximately 
120 per cent of line voltage, to hold on normal voltage, and to close 
if the voltage falls below 90 per cent of normal. The starting capacitor 
will be re-inserted in case of heavy overload. The voltage scheme 
also permits plugging the motor in reversing. Connections for this 
arrangement are shown in the diagram, the contacts F and R being 
those of the forward and reverse switches. Current control does not 
work very well for plugging, because the current in the running winding 
is not the same for forward and reverse connections. 

The advantage of an autotransformer to raise the voltage on the 
capacitor is a considerable saving in the cost of the capacitor. A 
double-throw relay is required to commutate the transformer. Refer¬ 
ring to the diagram, the relay is normally in position a, and when 
the motor is connected to the line the relay moves to position b. This 
connects the transformer so that a high voltage is impressed on the 
capacitor. When the motor is up to speed, the relay returns to position 
a, reducing the voltage on the capacitor to a value suitable for 
running. The relay may be of the current type as shown, or of the 
voltage type, in which event the coil would be connected across the 
starting winding of the motor. Time-limit control may also be used, 
the connections then being similar to those shown for type 26. 

The control for arrangement 5 is similar to that for type 4 except 
that the transformer winding is in two sections and the relay is con¬ 
nected between the sections so that it will disconnect the transformer 
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entirely after the motor is up to speed. Current, voltage, or time 
relays may be used. 

The last sketch on the diagram shows the arrangement when the 
starting winding is always operated at the same voltage, regardless of 
line voltage. 

Universal Motor. A universal motor, as defined by the American 
Standards Association, is a series-wound or a compensated series- 
wound motor which may be operated either on direct current or 
single-phase alternating current at approximately the same speed and 
output. These conditions must be met when the direct and the 
alternating voltages are approximately the same and the frequency 
of the alternating current is not greater than 60 cycles per second. 

The general construction of the motor is the same as that of a 
direct-current series motor, and its speed and torque characteristics 
are also practically the same. The non-compensated motor has field 
and armature windings connected in series. The compensated motor 
has an additional winding, also in series with the armature, which 
improves its operating characteristics by making them more nearly 
alike on direct and alternating current. The motor is built to stand 
very high running speeds, and its speed characteristics make it suitable 
for such applications as vacuum cleaners, portable drills, motor-driven 
carving tools, and sewing machines. Some motors are equipped with 
built-in speed governors which hold the speed relatively constant. 

Commutation diflSculties limit the use of the series motor to low 
voltages, generally not over 300 volts. The reactance is also a limiting 
factor, so that it is impractical to design such a motor for frequencies 
above 25 cycles, except in small sizes. The majority of them are, 
therefore, of small capacity, and the control required is simple. A 
snap switch or similar device is suflScient to connect and disconnect 
the motor. For larger sizes, a magnetic contactor and thermal over¬ 
load relay may be used. Speed regulation may be obtained by means 
of a series resistance, for example, the treadle-controlled rheostat of 
a sewing machine. 

Control designers find the series motor useful to drive speed¬ 
regulating rheostats for larger motors when these devices are to be 
operated automatically or by pushbuttons from a remote point. The 
series motor is then provided with two field windings, and three lead 
wires are brought out from the motor. One lead wire connects to one 
side of the armature. The other side of the armature is connected 
inside the motor to one end of each field winding. The other ends 
of the two fields are brought out as leads. The armature is then 
connected to one supply line, and a double-throw pilot device connects 
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either one or the other of the fields to the other supply line. One 
field is arranged to run the motor forward, and the other backward. 

Repulsion Motor. The American Standards Association defines a 
repulsion motor as follows: 

A repulsion motor is a single-phase motor which has a stator winding 
arranged for connection to the source of power, and a rotor winding 
connected to a commutator. Brushes on the commutator are short- 
circuited and so placed that the magnetic axis of the rotor winding is 
inclined to the magnetic axis of the stator winding. This type of 
motor has a varying speed characteristic. 

The motor is similar to a series motor, and its operating character¬ 
istics are similar to those of the series motor. The commutation is 
better, particularly at speeds near synchronism. The motor may be 
reversed by shifting the brushes. Othen^’ise it is controlled in the 
same manner as the series motor, and the same devices are used. 

Compensated Repulsion Motor. The compensated repulsion motor 
is the same as the simple repulsion motor, except that it has a third 
winding for compensating purposes. The field winding and the com¬ 
pensating winding may be connected in series and the armature 
short-circuited, or the field and armature windings may be in series 
with the compensating winding short-circuited. 

The Repulsion-start Induction Motor. A repulsion-start induction 
motor has the same windings as a repulsion motor, but at a pre¬ 
determined speed the rotor winding is short-circuited to give the 
equivalent of a squirrel-cage winding. The motor, therefore, starts 
as a repulsion motor but operates as an induction motor with constant- 
speed characteristics. The stator core is laminated and is w'ound with 
a single winding. The rotor is wound and is supplied with a com¬ 
mutator. The brushes may be shifted to reverse the direction of 
rotation. The commutator bars are short-circuited by a centrifugally 
operated device which, at the predetermined speed, moves into contact 
with the under side of the commutator bars. 

The speed-torque curve is similar to that of a series motor during 
the starting period, and after the rotor is short-circuited the curve 
assumes the shape of the curve of a squirrel-cage motor. If plugged, 
the motor will not reverse but will continue in the same direction. To 
reverse by changing stator connections, the motor must be allowed 
to slow down enough to reset the centrifugal device. 

Repulsion-induction Motor. A repulsion-induction motor is defined 
by the American Standards Association as a form of repulsion motor 
which has a squirrel-cage winding in the rotor in addition to the 
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repulsion motor winding. A motor of this type may have either a 
constant-speed or a varying-speed characteristic. 

The motor, therefore, has a wound stator, and a wound rotor with 
a commutator. It has brushes which are short-circuited, but no device 
to short-circuit the commutator, or, in fact, any centrifugal device. 
The squirrel-cage winding of the rotor is under the main armature 
winding, and it may be made of high-resistance or low-resistance 
material. The resistance will affect the torque characteristic just as 
in a squirrel-cage motor. The starting torque of the motor is high, 
and the torque does not drop off very much until the motor is up to 
about 85 per cent of synchronous speed. From that point the torque 
drops to rated torque at synchronous speed. At no load the motor 
will run a little above synchronous speed. The motor may be plugged 
for reversal by interchanging the stator connections. 

Types of Controllers. Face-plate starters are used for the larger 
commutator-type motors. They are similar in construction to those 
for direct-current motors, and they allow a starting current of about 
150 per cent of full-load current. The resistor material is self- 
contained in the controller. 

Manually operated across-the-line starters are made for motors 
rated 1^4 horsepower on 110 volts, 3 horsepower on 220 volts, and 5 
horsepower on 440 and 550 volts. They consist of a switch, manually 
operated by buttons, and a thermal overload relay. 

Drum controllers are also used for starting and reversing across- 
the-line service. They are built up to 5 horsepower on 110 volts and 
10 horsepower on 220, 440, and 550 volts. 

Magnetic across-the-line starters are similar to those for polyphase 
motors, having a magnetic line contactor and a thermal overload relay. 
They are made both in the simple fonn and with a self-contained 
disconnect switch which is usually operable from a lever on the outside 
of the starter enclosure. 

Reduced-voltage starters, usually of the resistance type, are used 
for the larger motors. They are of the same construction as those 
for polyphase squirrel-cage motors. 

A controller for regulating the speed of a repulsion motor by varying 
the applied voltage is shown in Fig. 212. A transformer is connected 
to the power supply, and a number of taps are connected to the 
buttons of a selector switch. This switch is of a special construction, 
having freedom of motion in a plane parallel to the panel and also, 
in a lesser degree, in a plane at right angles to the panel. A spring 
holds the lever tightly against the contact buttons. There is a star 
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wheels or hill-and-valley device, under the lever, and a roller on the 
lever rides on the star wheel. When the lever is moved from one 
button to another, it does not simply slide across them, as that would 
short-circuit a portion of the transformer winding. The star wheel 
forces the lever away from the contacts, and so lifts it from one button 
and places it down on the next button. 

The pushbutton is also of a special design. When the start button 
is pressed, contacts A and C close and B opens. This connects the 
transformer to the line and connects the motor to a selected tap on 
the transformer which will supply enough voltage to give a high 
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Fig. 212. Connections for a Speed-regulating Controller for Single-phase Motors. 

starting torque. Releasing the start button opens contact C and closes 
contact JS, disconnecting the motor from the high-torque tap and 
connecting it to a tap determined by the setting of the speed-selecting 
lever. Contact A remains closed, being latched in position. Pressing 
the stop button releases the latch and opens contact A, disconnecting 
all circuits. This speed-regulating controller is widely used for the 
control of small printing presses and fans. It is made for motors 
rated up to 1% horsepower on 110 volts and 2 horsepower on 220 volts. 
Speed regulation to 50 per cent of synchronous speed is the usual 
practice. 
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Problems 

1. A garage door is to be opened and closed by a single-phase series motor of 
the split-field (two fields) type. Make an elementary diagram of the circuit, 
using up, down, and stop pushbuttons, two double-pole control relays, and two 
single-po^e limit switches. 

2. Make an elementary diagram of the same circuit with the addition of a 
second set of pushbuttons and a transfer switch which in one position permits 
operation from both sets of buttons, and in another position permits operation 
only from the station inside the garage. 

3. A motor-operated rheostat is driven by a universal-type split-field series 
motor. In one direction the motor runs at full speed, but in the other direction 
it runs at a reduced speed obtained by the use of variable resistors in series and 
in parallel with the armature. Make an elementary diagram of the circuit, using 
momentary-contact fast and slow pushbuttons, two single-pole limit switches, 
two control relays, and two variable resistors. 

4. The draft door of a furnace is operated by a repulsion-induction motor which 
is non-reversing. It drives a cam which causes the door to be fully opened after 
180 degrees of travel, and fully closed after 360 degrees of travel. Make an 
elementary diagram of the circuit, using a three-wire thermostat, a limit switch 
geared to the cam, and the necessarj^ control relays (see Fig. 131). 
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THE SYNCHRONOUS MOTOR 

Construction. Synchronous motors have an armature winding con¬ 
nected to an alternating-current supply line, and a field winding con¬ 
nected to a direct-current supply line. They also have a third winding 
which is short-circuited. It is possible to make either the armature 



Fig. 213. Construction of a Synchronous Motor. (Courtesy of Electric Machinery 
Manufacturing Company) 

or the field stationary, but the common practice is to make the arma¬ 
ture stationary and the field rotating. The armature winding is the 
more complex and is subject to the voltage of the alternating-current 
supply, which, with large motors, may be as high as 13,200 volts. It is 
advantageous mechanically to have this winding stationary, and it is 
also easier to insulate it and to insulate and protect the armature 
leads. The field winding is energized at 115 or 230 volts, and the slip 
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rings to which the supply lines feed are subject to this relatively low 
voltage, and so are easy to construct and insulate. 

Figure 213 is a vertical cross-section of a synchronous motor like 
that of Fig. 214. The outer frame is of laminated punchings, having 



Fig. 214. S 3 n(*liionou& Motor (Courtesj^ of Electric Machinery Manufactuimg 

Company) 

1. Stat 01 flame 6 Field winding. 

2. Core clamping plates. 7 Staitmg cage wmdmg. 

3-4. Stator wmdmg. 8 Shaft. 

5. Terminal box. 9 Bearing pedestal. 

a series of slots around the inner periphery in which the armature 
winding is placed. The rotating member is a spider mounted on the 
motor shaft, to which the cores of the field poles are keyed or bolted. 
The cores are usually of laminated steel, and the field coils are wound 
around them. Slots are provided in the ends of the field poles in a 
direction parallel to the motor shaft. Copper bars are placed in the 
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slots, and the ends of the bars on each side of the poles are connected 
together by an end ring to form a short-circuited squirrel-cage wind¬ 
ing. A motor constructed as described is called a salient-pole machine, 
and the great majority of synchronous motors follow this pattern. 

It is also possible to build a motor having stationary salient-pole 
field windings and a rotating armature. Another possible construction 
is an embedded field winding wound into slots in laminated punchings 
like the armature windings. Either armature or field may be the ro¬ 
tating member. This design is seldom used for motors but is advan¬ 
tageous for high-speed turboalternators, as it eliminates much of the 
windage losses caused by salient poles. 

Speed. The speed of a synchronous motor is determined by the 
number of poles for which the motor is built and by the frequency of 
the power supply. The equation for the speed is 


Rpm = 


Frequency X 60 
Number of pairs of poles 


The motor will run only at this synchronous speed. If there is a 
change in the load, there will be an instantaneous change in speed, 
lasting for a very few cycles, but the average speed will be the same. 
Table 39, showing standard speeds, is included for ready refer¬ 
ence. 


TABLE 39 

Synchronous-motor Speeds 


Speed 


Number of Poles 

25 Cycles 

50 Cycles 

60 Cycles 

2 

1500 

3000 

3600 

4 

750 

1500 

1800 

6 

500 

1000 

1200 

8 

375 

750 

900 

10 

300 

600 

720 

12 

250 

500 

600 

14 

214 

428 

514 

16 

188 

375 

450 

18 

166 

333 

400 

20 

150 

300 

360 

22 

136 

273 

327 

24 

125 

250 

300 

26 

115 

231 

277 

28 

107 

214 

257 

30 

100 

200 

240 

32 

94 

188 

225 

36 

83 

167 

200 

40 

75 

150 

180 
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The forty-pole 25-cycle machine is the slowest standard motor of 
that frequency. 

The 50-cycle motor is built in standard sizes to 76 poles and 79 rpm. 

The 60-cycle motor is built in standard sizes to 90 poles and 80 rpm. 

At any given frequency it is, of course, impossible to obtain speeds 
higher than those of the two-pole machine. 

Torque. Table 40 shows the normal torque characteristics for 
general-purpose 60-cycle synchronous motors, as given in NEMA 
Motor and Generator Standards. 

TABLE 40 

SYNClfRONOUS-MOTOR CHARACTERISTICS 

Torque 



Speed 

Per Cent of Normal Full-load Torque 


rpm 

Starting 

PuU-in 

Pull-out 

1.0 power factor to and 

1800 

110 

110 

150 

including 200 hp 

1200-514 

110 

110 

175 

1.0 power factor 250 to 

1800-514 

110 

110 

150 

500 hp, inclusive 

1.0 power factor 600 hp 

1800-514 

85 

85 

150 

and larger 

0.8 power factor to and 

1800 

125 

125 

200 

including 150 hp 

1200-514 

125 

125 

250 

0.8 power factor 200 to 

1800-514 

125 

125 

200 

500 hp, inclusive 

0.8 power factor 600 hp 

1800-514 

100 

100 

200 

and larger 


The starting torque is with rated voltage applied to the motor ter¬ 
minals. The pullout torque is with rated voltage and normal excita¬ 
tion supplied. The normal torques for frequencies other than 60 
cycles are the same as those for 60-cycle ratings having the same num¬ 
ber of poles. 

The synchronous motor in itself has no starting torque. One pim- 
pose of the short-circuited winding in the field poles is to provide 
torque for starting. A motor provided with such a winding, and with 
the field circuit de-energized, starts by induction as a squirrel-cage 
motor and will reach a speed slightly below synchronism. At that 
point the field may be energized, and the motor will then pull into 
synchronism. The squirrel-cage winding also serves to damp out 
momentary speed changes with changes in load, and for that reason 
it is generally known as a damper winding. It is also called an amor- 
tisseur winding. If the resistance of the damper winding is relatively 
low, the starting torque will be low, but the motor will approach syn- 
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chronous speed rather closely. Increasing the resistance of the damper 
winding will increase the starting torque, but the motor will not 
approach synchronism so closely. The low-resistance winding is the 
more effective for damping. 

If the torque required by the load exceeds the pullout value, the 
motor will drop out of synchronism. When this happens, the average 
torque becomes zero and the motor comes to rest. Typical speed- 
torque cur\"es are shown in Fig. 217. 



Fig. 215. V Curves of a Typical General-purpose 100 Per Cent Power Factor 

Synchronous Motor. 

Power Factor. The power factor of a synchronous motor may be 
changed by varying the strength of the direct-current field. Normal 
excitation is that which produces unity power factor. Underexcitation 
causes the motor to take a lagging current. Overexcitation results 
in the motor^s taking a leading current. The excitation required to 
produce any given power factor varies, increasing as the load increases. 

Figures 215 and 216 are typical sets of curves showing the excitation 
required to produce desired power factors at different loads. These 
are called V curves. Lines drawn through points of equal power factor 
are called compounding curves. 
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Advantages. S 3 aichronous motors are sturdy in construction, both 
electrically and mechanically, and may be wound for high operating 
voltages. The air gap between rotor and stator may be relatively 
large, which decreases the chance of rotor and stator striking. 

The possibility of running at a leading power factor is an important 
advantage. For example, a synchronous motor driving a line shaft. 



Fig. 216. V Curves of a Typical General-purpose 80 Per Cent Power Factor 

Synchronous Motor. 

in a shop full of induction motors, will materially improve the power 
factor of the whole installation, at the same time driving a load. 

The eflBciency of the synchronous motor is higher than that of the 
induction motor, particularly for slow-speed motors. The eflSciency- 
load curve of a synchronous motor is relatively flat, so that the effi¬ 
ciency at light loads is better than that of a lightly loaded induction 
motor. 

Constant speed may be an advantage, if that is a requirement of 
the application. 

Low starting torque, the necessity of restarting if the motor drops 
out of synchronism, and the necessity of a direct-current supply are 
the principal disadvantages. 
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Application. Synchronous motors are ideal for constant-speed, con¬ 
tinuous-running applications where the required starting torque is low. 
Typical applications are: line shafts, motor-generator sets, air and 
ammonia compressors, centrifugal pumps, blowers, crushers, and many 
types of continuous processing mills. When the required starting 
torque is too great for the motor, a magnetic clutch may be installed 


Per cent of normal full-load armature current 
oSSSSoSoSSS 

ir>«-i«-irsicMroro^^inin 


Per cent of normal full-load torque 



Fig. 217. Speed-torque and Speed-current Cur^^es of a Typical Gcnoral-purposo 

Synchronous Motor. 


between the motor and its load. The motor is then brought up to syn¬ 
chronous speed while unloaded, after which the load is applied by 
energizing the clutch. 

General Starting Method. To start a synchronous motor it must be 
brought up to synchronous speed, or nearly so, with the direct-current 
field de-energized, and at or near synchronism the field must be ener¬ 
gized to pull the motor into step. A small induction motor may be 
moimted on the shaft of the synchronous motor for bringing it up to 
speed. The induction motor must have fewer poles than the synchro¬ 
nous motor, so that it may reach the required speed. If the exciter 
which supplies the field is mounted on the motor shaft, it may be used 
as a direct-current motor for starting, provided that a separate direct- 
current supply is available to energize it. However, since most syn- 
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chronouB motors are polyphase and are provided with a damping wind¬ 
ing, the common practice is to start them as squirrel-cage motors, the 
torque being supplied by the induced current in the damper win^g. 
Like squirrel-cage motors, they may be connected d'rectly to the line 
or started on reduced voltage. When they are started on reduced volt- 
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Fig. 218. Reduced-voltage Synchronous-motor Controller with Current-time 
Method of Synchronization. 

age from an autotransformer, the usual practice is to close the start¬ 
ing contactor first, connecting the stator to the reduced voltage, then, 
at a speed near synchronism, to open the starting contactor and close 
the running contactor, connecting the stator to full line voltage. A 
short time later the field contactor is closed, connecting the field to its 
supply lines. The field may be energized before the running contactor 
has closed, which will result in a little less line disturbance, but the 
pull-in torque will be lower. 

Since the shunt field winding consists of a large number of turns, 
special precautions must be taken to insure against a high voltage 
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being generated in it during starting. When the field winding is sta¬ 
tionary, as in rotary converters, switches are provided to break it up 
into sections and so keep down the generated voltage. This method is 
not practical when the field is rotating, because of the extra slip rings 
which would be necessary. The usual practice is to short-circuit the 
field through a discharge resistor, during starting. When the exciter 
is driven by the synchronous motor, the field may be connected to the 
exciter before starting and left so connected during starting, because 
the exciter voltage builds up slowly as the motor accelerates. Motors 
started in this way usually have a heavy damping winding around the 
field poles. When a discharge resistor is used its design must be deter¬ 
mined by the motor manufacturer, as the ohmic value has a marked 
effect on the pull-in torque. A reduced-voltage synchronous-motor 
controller will, in general, consist of the following devices (see Fig. 
218 ): 

A starting contactor to connect the stator to reduced voltage. 

A running contactor to connect the stator to the line. 

An autctransformer to supply the reduced voltage. 

A contactor to connect the field to the direct-current supply. 

A time-, current-, or frequency-controlled accelerating relay. 

An overload protective relay. 

A relay to cut the motor off the line if it fails to pull into synchro¬ 
nism. 

A field rheostat to adjust the excitation. 

A field discharge resistor. 

Relays to protect against voltage failure of either alternating or 
direct current. 

Control circuit fuses. 

A voltage transformer to supply a safe voltage for the control cir¬ 
cuits. 

Ammeters to read the alternating load current and the direct field 
cmrrent, to enable the operator to adjust for desired power factor. 

A pushbutton station. 

Additional instruments, as watt meter, power-factor meter, and 
voltmeter, are sometimes desired. 

Instead of an autotransformer to supply the reduced voltage, any 
of the methods for starting squirrel-cage motors may be used. These 
include starting resistance in the stator circuit, starting reactance in 
the stator circuit, and combinations of reactance and autotrans¬ 
former. The Korndorfer system of autotransformer connection is also 
possible. 

Synchronizing Means. It will be evident that the control problem 
specific to the synchronous motor is in the means chosen for transfer¬ 
ring the control connections when the motor has reached a speed near 
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synchronism. There are a number of common methods, most of them 
being based either on time, current, or frequency, or on combinations 
of these factors. Some of the more common ones are described. 

Timed Synchronization. With this method the acceleration and 
synchronization are based purely on time. Some frirm of timing relay 
is operated by the line contactor and started v hen that contactor 
closes. When the set time has passed, the relay contacts close and, 
with across-the-line control, energize the field contactor. The time 
relay is set for a time long enough to insure that the motor has ap¬ 
proached synchronous speed. A reduced-voltage controller will in¬ 
clude two such timing relays, one operated by the starting contactor 
and energizing the running contactor, and the other operated by the 
running contactor and energizing the field contactor. 

Synchronization Based on Frequency. Figure 219 is a simplified 
diagram of a synchronous-motor controller arranged for starting the 
motor directly across the line and synchronizing by a relay operating 
at a selected frequency. All devices such as instruments and overload 
relays which are not pertinent to the immediate discussion have been 
omitted. In this diagram; 

Af is a three-pole line contactor having two normally open interlock 
contacts, Ma and Af^. 

FS is a field contactor having two normally open contacts, and one 
normally closed contact. 

ICR is a control relay having two normally open contacts. 

FR is a synchronizing relay having one normally closed contact. 

A" is a small reactor. 

F-D is a field discharge resistor. 

When the start button is pressed, the relay ICR closes. One of its 
contacts provides a maintaining circuit for the relay, and the other 
contact provides a circuit to energize the line contactor Af. When M 
closes, its main contacts close ahead of its interlock contacts and ener¬ 
gize the stator of the motor. Current at supply frequency is induced 
in the field winding and fiows through the discharge resistor and the 
coil of relay FR, A small proportion of this current flows through the 
reactor X, but the amount is limited because the frequency is high. 
Relay FR closes at once and is fast enough to open the circuit to relay 
FS before the interlock contact closes. Let us, for the moment, 
neglect the interlock Ma, and the associated coil on FR, Since the 
reactance of the coil of FR is much lower than that of X, the relay 
will remain closed at all but very low frequencies. As the motor ac¬ 
celerates, the frequency of the induced current in the field winding 
decreases, and as it decreases an increasing amount of it flows through 
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X, until at a speed close to synchronism most of the current is flowing 
through X, At this point there will no longer be enough current 
flowing through the coil FB to keep the relay armature closed, and it 
will open. Field contactor FS then closes, energizing the field and 
opening the field discharge circuit, and the motor pulls into synchronism. 

A-c lines 


LI L2 £3 



D-c lines 

Fig. 219. Full-voltage Controller with Synchronization Based on Frequency. 

This is a workable scheme in itself, but the addition of another coil 
on FRj which is energized by a constant direct current when Ma closes, 
is a further refinement. This coil polarizes the relay, and its armature 
will open only when the magnetic effect of the two coils is approxi¬ 
mately equal and in opposition. As the motor nears synchronism and 
the speed of the rotor approaches that of the revolving stator field, 
the poles of the rotor pass the stator poles relatively slowly. As each 
pair of poles passes, there occurs a relative position which is most 
favorable for synchronizing, as when a north pole of the rotor is 
directly aligned with a south pole of the stator. Polarizing of the 
synchronizing relay provides a means not only of energizing the field at 
a speed near synchronism but also of energizing it at a point in the 
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alternating-current wave which is most favorable to synchronism. If 
the motor should pull out of step because of an overload or for some 
other reason, alternating current would again be induced in the field 
winding, and the FB relay would close its armature, open contactor 
FS, and permit the motor to speed up and resynchrOnize. 


A-c lines 

LI LI L3 



SR relay 

Fig. 220. Full-voltage Controller with Current-tune Method of Synchronization. 

Current-time Method of Synchronization. Figure 220 is a simplified 
diagram of a synchronous-motor controller similar to that shown in 
Fig. 219, but using a synchronizing method based on current and time. 
In this diagram: 



THE SYNCHRONOUS MOTOR 


M is a three-pole line contactor having two normally open interlock 
contacts, Ma and Mi,, 

FS is a field contactor having two normally open contacts, one 
normally closed contact, and three interlock contacts, FSa and FSi, 
normally open, and FSc normally closed. 

ICR is a control relay having two normally open contacts. 

F-D is a field discharge resistor. 

TR is a timing relay which operates instantaneously when voltage 
is applied to its coil but is delayed in operation when de-energized. 
The time delay is obtained by discharging a capacitor through the 
relay coil, and high resistance A-B. A relatively low resistance, C-B, 
is used to charge the capacitor rapidly when TR is energized. The 
relay has one normally closed contact, TRl, and two normally open 
contacts, TR2 and TRS, 

TS is a thermal timing relay having one normally closed contact. 

SR is the synchronizing relay having three coils and three contacts. 
Coils OSP and LO are series coils, responsive to the current drawn by 
the motor. They are operated through a current transformer, CT, 
Coil CL is a shunt coil. The relay has a walking-beam contact mem¬ 
ber, which is moved by either of two plunger elements and which will 
remain in either of two positions. It is not biased by springs. If, for 
instance, coil OSP is energized, its plunger will lift, rotating the walk¬ 
ing-beam to open contact SRi, and close contact SR a. If coil OSP is 
now de-energized, the plunger will drop, but the relay contacts will 
remain as they are. To reclose SRi, and open SR a, the other plunger 
must be operated by coil CL. Coil LO is opposed in action to CL and 
tends to prevent the plunger from lifting. 

When the start button is pressed, the relay ICR closes. One of its 
contacts provides a maintaining circuit for the relay, and the other 
contact provides a circuit to energize the line contactor M. When M 
closes, its main contacts close ahead of its interlock contacts and 
energize the stator of the motor. Inrush current flows through the 
current transformer, and SR coils LO and OSP are energized. Coil LO 
holds down the right-hand plunger of SR, and coil OSP lifts the left- 
hand plunger. Contact SR a is closed, energizing TR and charging the 
capacitor. Contact SRj, is opened. Coil CL is energized by interlock 
Afft, but not until after coil LO has been energized. Coil CL therefore 
cannot operate the right-hand plunger. When TR is energized, its 
contact TRl opens, and contacts TR2 and TRi close. Coil OSP is 
short-circuited, and its plunger drops, but the relay contacts do not 
change position. As the motor accelerates the inrush current decreases, 
with corresponding decrease in the current through coil LO. The 
relay is set so that, when the motor current has reached a value of 
approximately 175 per cent of normal current, the pull of coil CL 
will overcome that of coil LO, and the right-hand plunger will lift, 
closing contact SRj, and opening SRa. The opening of contact SB® 
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disconnects the timing relay coil, and timing begins as the capacitor 
discharges slowly through the coil. 

Each contact of the timing relay is separately adjustable, and the 
capacitor discharge method is accurate and constant 

After a set time the contact TRl closes, compli^ting the circuit to 
energize the field contactor FS, which closes. This energizes the motor 
field, and the motor is pulled into synchronism. Contacts TR2 and 
TR3 are set to open a little later, after the surge of current, which 
occurs during synchronizing, has ended. 

The motor has now been accelerated and brought into synchronism, 
and the synchronizing means, that is, relays SR and TR, are back 
in their original positions. However, coil CL has been opened by 
interlock fSc, and coil LO has been short-circuited by interlock FS},. 
Coil OSP is still in circuit, and if, for any reason, the motor should 
pull out of synchronism, the resulting surge of current will operate 
relay SR, opening the field contactor and starting the synchronizing 
process over again. If the load conditions should be such that the 
motor cannot pull into synchronism on the original start or on an 
attempt to restart, the timing relay TS will open the control circuit 
and cut the motor off from the line, preventing damage to the starting 
winding. The relay is a thermal device which is energized when the 
line contactor is closed and the field contactor open. It is usually set 
to trip out if the motor fails to synchronize within 30 seconds, and is 
reset manually. Some device of this nature is included as a safety 
feature on most synchronous-motor controllers; it will, of course, work 
with any method of synchronizing. 

With any control scheme depending on a changing quantity, such 
as the lessening inrush current during acceleration, the control relay 
must be set a little above the final value, to insure that it will always 
operate. When the current relay does operate, the motor has not quite 
reached the proper synchronizing speed, although it is very close to it. 
The time relay functions to permit the motor to accelerate the remain¬ 
ing relatively small amount. 

Reduced-voltage Starting. A reduced-voltage starter using this 
method of synchronizing is generally arranged so that the above- 
described relays control the running, or full-voltage, contactor. The 
field contactor is interlocked behind the running contactor and ener¬ 
gized by the timing relay a short time after the run contactor closes. 
However, on resynchronizing after a pullout, the running contactor 
remains closed and the synchronizing device controls the field contactor. 
Figure 221 shows this arrangement. 
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When the start button is pressed, relays ICB and dCR close, followed 
by the starting contactor MS, This is a five-pole contactor which 
connects the motor to a reduced-voltage tap of the autotransformer 
and connects the autotransformer to the power supply. Relay SB 
operates to close contact SBa and open contact Sft^h. 

The purpose of relay 3CB is to change the pull 4 f coil OSP, so that 
it will operate the same on a reduced starting inrush as it will on full 
inrush during a pullout of synchronism. Relay 2CB is energized by 
an interlock contact on MS and, after closing, provides its own main¬ 
taining circuit. Relay 2CB energizes timing relay TB and coil CL, 
The timing relay closes, but relay SB does not operate until the motor 
has accelerated and the current in coil LO has dropped to 175 per cent. 
When the inrush current has dropped, relay SB operates, setting up a 
circuit to the coil of relay 4C2?. However, this relay does not close 
until the circuit is completed by the closing of MSt, which is a delayed- 
time contact operated by the starting contactor MS, In form it is a 
dashpot time relay, w^hich, instead of having a coil to operate it, is 
mechanically connected to MS and so closes its contacts in a set time 
after MS closes. Relay 4CP, which controls the transfer from reduced 
voltage to full voltage, is therefore itself controlled by both current 
and time. When it closes, the starting contactor MS is opened and 
the running contactor MB is closed. The autotransformer is dis¬ 
connected, and the motor is connected to full line voltage. An inter¬ 
lock contact on MR opens the coil circuit of timing relay TB, After 
the set time has elapsed, contact TBl closes, followed by field switch 
FS, and the motor is synchronized. Contact TPS now opens, and 
conditions are set up for resynchronizing if a pullout should occur. 
Since relay A^CR is self-maintaining, the running contactor MR will 
remain closed, and starting contactor MS open, and the resynchroniz¬ 
ing will be effected by the opening, and subsequent reclosing, of the 
field contactor only. 

Slip-frequency Method of Synchronizing. Figure 222 is a diagram 
of a full-voltage controller using a method of synchronizing based on 
slip frequency. 

The synchronizing relay SR is a device having two separate magnetic 
circuits, each with a coil to energize it. One coil is connected in the 
power line, through a current transformer, so that it responds to the 
motor current. The other coil is a shunt coil, having a small rheostat 
in series with it, to permit adjustment of its magnetic pull. The 
moving element of the relay is a rotating shaft having two armatures, 
one in each magnetic circuit, and arranged so that one coil and magnet 
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tend to rotate the shaft clockwise, and the other coil and magnet tend 
to rotate it in the opposite direction. 


A-c lines 

LI L2 L3 



SRb SRa 

II jr 





SR relay 


Contacts are latched in position. 

Movement of rotating arm counterclockwise trips latch. 

Movement of rotating arm clockwise resets contact and latch. 

Fig. 222. Full-voltage Controller with Synchronization Based on Slip Frequency. 

The contacts of the relay are not directly operated by the rotating 
shaft but are latched in position. Slight rotation of the shaft has no 
effect on the contacts, but a sufficiently great rotation will trip the 
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latch, closing one contact and opening the other. Similarly, a sufficient 
rotation in the opposite direction will reset the latch and the contacts. 

The relay is designed and set so that the torques of the two arma¬ 
tures are approximately equal when the voltage is at normal value 
and the current has dropped to a value which indio?.tes that the motor 
speed is high enough for synchronizing. 

Referring to the diagram, operation of the start button closes relay 
ICR and line contactor M, The main contacts of M close ahead of the 
interlock contact May and the resulting motor inrush current operates 
relay SB, opening contact SRj, and closing contact SB®. Interlock Ma 
closes, followed by relay 2CR, which has a self-maintaining circuit. 
Another contact of 2CR energizes the shunt coil of relay SB and 
partially sets up a circuit for the field contactor FS, The motor 
now accelerates, and the current in the series coil of SB decreases, 
until the pull of the two relay armatures is nearly equal. Since the 
starting winding of the motor is not continuously equal, but is spaced 
by the salient field poles into groups of turns, the motor current will 
pulsate at a frequency proportional to the rotor slip. At a speed near 
synchronizing speed, the slip is low, and the current pulsations will 
cause the relay to be subjected to an oscillating torque, as the series 
coil is momentarily stronger or weaker than the shunt coil. 

When a body is subjected to an oscillating force it will not in general 
move back and forth, as might be supposed, but will have a progressive 
motion in the direction in which it first starts to move. The movement 
per cycle of the oscillating force is proportional to the peak value of 
the force and inversely proportional to the square of the frequency. 
As the motor approaches synchronizing speed, the relay armature starts 
to move and eventually moves far enough to trip the latch and 
operate the relay contacts. The field contactor is then energized and 
the motor synchronized. If a pullout occurs, the inrush current will 
cause the relay to reset, opening the field contactor, and then re¬ 
synchronizing will occur. 

It will be evident that this method of synchronizing is essentially 
a current-time method. If it is assumed that the relay is adjusted to 
start moving at 95 per cent of synchronous speed, and that the load 
conditions will permit the motor to continue to accelerate, the motor 
might reach 96 per cent speed before the relay contacts operate. 
However, if the load conditions will not permit the motor to accelerate 
beyond 95 per cent speed, the relay will eventually operate at that 
speed. Under low-voltage conditions, a motor will require a longer 
than normal time to reach synchronizing speed, because the accelerat¬ 
ing torque will be below normal. The relay under discussion will 
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provide a longer time on low voltage and a shorter time on high voltage. 
If the relay were subject only to the pull effect of the two opposing 
coils, this would not be true, because a reduction in voltage would 
reduce their pull equally. However, the relay is actually operated 
by a series of impulses from the pulsating current, which impulses 
are superimposed on the normal pull of the coils. The value of these 
impulses will vary as the voltage varies, resulting in a difference in 
the operating time of the relay. 

Synchronization Based on Power Factor. The changing character¬ 
istic of the power factor during acceleration may be utilized to apply 
the motor field at the proper time for synchronizing. When the motor 
is first energized, the power factor is low, the average probably being 
between 20 and 50 per cent lagging. As the motor accelerates, the 
power factor increases, and it also fluctuates above and below the 
average value, the fluctuations decreasing in frequency as synchroniz¬ 
ing speed is approached. 

The synchronizing relay is arranged to operate subject to these 
power-factor characteristics. It has two opposing coils, which are 
connected through current and potential transformers, as shown in 
Fig, 223, so that they respond to change in motor current and to power 
factor. Coil A tends to keep the relay open, and coil B tends to close 
it. When the motor has approached synchronizing speed, the motor 
current has decreased, and the power factor is relatively high but 
fluctuating. These conditions favor the B coil, and with each fluctua¬ 
tion the relay closes its contact momentarily. At first the contacts 
do not remain closed long enough to actuate the coil of relay TR, but, 
as the period of the fluctuation increases, the contacts remain closed 
longer on each cycle, until they are finally closed long enough to cause 
TR to operate. When this happens, TR provides a maintaining contact 
for itself {TRa) and also energizes the field contactor FS {TRi,), and 
the motor pulls into synchronism. 

Contacts TRa and TRi, are instantaneous in operation, but TRc is 
delayed in closing. The delayed contact TRc is used to set up the 
proper conditions to control a pullout. As soon as the motor field is 
applied, the power factor rises, and it may go over to a leading value, 
depending on the load on the motor. The synchronizing relay resets 
and normally will not operate again. In order to prevent it from 
operating on momentary overloads or momentary voltage drop, a 
resistor is inserted in the B coil circuit by means of an interlock contact 
on FS. If a pullout occurs, because of a sustained overload or voltage 
dip, the synchronizing relay contacts will close, this time short- 
circuiting the coil of TR and causing TR and FS to open. Conditions 
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are then the same as they were during acceleration, and the motor 
will resynchronize. 

It will be evident that the relay described must be connected for 
the proper phase relationships. Though the relay its 3lf and the circuits 


A-c lines 

A L2 L3 



Ill L12, 
D~c lines 


Fig. 223. Full-voltage Controller with Synchronization Based on Power Factor. 

relative to it are simple, the vector analysis of its operation is involved 
and for that reason is not included here. 

Other Methods of Synchronizing. The above-described methods of 
synchronizing illustrate the various factors, such as current, time, 
frequency, and power factor, upon which the operation of synchronizing 
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Fig. 224. Pulsation of Field and Stator Currents as a Synchronous Motor Approaches Synchronizing Speed. 
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relays is based. There are other methods, and other devices, based on 
these factors and combinations of them, and applying the principles 
described. There are also other phenomena on which synchronization 
might be based, and it appears likely that the future may show further 
development of new methods and devices. 

Reversing and Plugging. A synchronous motor may be reversed 
by reversing one phase of the stator winding, in the same manner as 
an induction motor. Synchronous motors are not used for applications 
requiring rapid reversal, because such applications do not require a 
constant running speed and therefore they would present no advantages. 
Plugging is used, however, to obtain a quick stop. The field is discon¬ 
nected from the power supply, and one phase of the stator is reversed. 
Some form of plugging relay is used to drop out the reversing contactor 
and disconnect the stator from the line just as the motor reaches zero 
speed. The method is the same as that for a squirrel-cage induction 
motor. 

Dynamic Braking. Synchronous motors may be brought to rest 
quickly by dynamic braking. The dynamic-braking resistor consists 
of three sections, one end of each section being connected to each of 
the motor stator terminals. The other ends of the sections are open 
when the motor is running but are connected together through a 
double-pole normally closed contactor during braking. These spring- 
closed contactors are mechanically interlocked with the line contactor, 
so that the stator must be disconnected from the power supply before 
the braking circuit is closed. The field circuit remains closed, and the 
rotating field induces currents in the stator windings, which currents 
flow through the braking resistor. In this way the energy of the 
rotating field is dissipated as heat in the resistor, and the rotor is 
brought to rest. The time required to stop the motor depends on the 
amount of its stored kinetic energy and on the rate of dissipation, the 
latter being controlled by the design of the braking resistor. The 
resistor is designed to suit the required conditions of each application, 
the usual value for the stator current during braking being between 
two and three times normal full-load motor current. A timing relay 
opens the field contactor and disconnects the field after the motor has 
stopped. 

Rossman Drive. For a description of this method of obtaining speed 
regulation, see Chapter 16. 

Fynn-Weichsel Motor. The Fynn-Weichsel motor (Fig. 225) is a 
self-excited synchronous motor combining the desirable characteristics 
of both the synchronous motor and the induction motor. The rotor is 
j)rovided with slip rings and also with a small commutator. It has 
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two windings, one in the bottom of the slots being connected to the 
commutator, and the other in the top of the same slots being connected 
to the slip rings. The stator also has two windings, which are 90 
electrical degrees apart. One of these windings is short-circuited 
when running, and the other is connected to brushes riding on the 
commutator. 



Fig. 225. Characteristics of a Fynn-Weiclisel Motor. 

To start the motor, line voltage is applied to the rotor through the 
slip rings. Resistance is connected in both of the stator windings. 
Induced currents are generated in the stator windings, and the motor 
starts. As it approaches synchronous speed, the rotor commutator 
winding begins to become effective and pulls the motor into syn¬ 
chronism. The motor then runs as a synchronous motor, with two 
exceptions. In a true synchronous motor the direct current must be 
supplied from a separate source and must be adjusted to give the 
operating power factor desired. The Fynn-Weichsel motor generates 
its own direct current, which is automatically proportioned to the 
motor's requirements for best operation. The second difference is in 
the pullout torque. A synchronous motor, when loaded beyond its 
pullout point, will stop. The Fynn-Weichsel motor pulls out of 
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synchronism at about 150 per cent load and then continues to run 
as an induction motor. If the load is decreased below 150 per cent, 
the motor will pull back into step again. 

The starting torque of this motor is about 150 prr cent of normal 
torque, with a starting current of 150 to 200 pel cent of full-load 
current. With increased starting current it will develop up to 250 
per cent of full-load torque. 

The motor is built in sizes up to 200 horsepower and for voltages 
up to 550. 
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Problems 

1. What is the synchronous speed of a 16-pole 440-volt 50-cycle synchronous 
motor? At what speed will it run without any load? What will be its speed 
w’hen overloaded 25 per cent? What will be its speed if the voltage drops to 
400 volts? 

2. If the starting torque of a synchronous motor is 120 per cent of rated 
torque when starting across the line, what will the starting torque be when 
starting with a i)rimary-resistance starter which reduces the line voltage to 70 
per cent of normal? 

3. A synchronous motor field is drawing 20 amperes when connected to a 
230-volt supply line. If the field is disconnected, and immediately connected 
across a resistor of 23 ohms, what is the maximum induced voltage to which 
the field windings might be subjected? 

4. The stored energy in the rotor of a synchronous motor is 1 million watt- 
seconds. If the motor is to be stopped in 20 seconds by dynamic braking, what 
will be the wattage dissipated in the braking resistor at the start of the braking 
period? 

6. A 100 per cent power factor motor has a field winding of 30 ohms resistance, 
which is to be supplied from a 230-volt circuit. How many ohms will be required 
in a field rheostat which will permit 100 per cent power factor to be obtained 
with any load from zero up to full rated load? (See Fig. 215.) 

6 . How many ohms would be required in a rheostat for the motor of Fig. 216, 
the rheostat in this case permitting 80 per cent power factor to be obtained over 
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the range from zero load to 125 per cent load? Field resistance 30 ohms and 
supply voltage 230. 

7. Make an elementary diagram for a reduced-voltage autotransformer-type 
^chronous-motor controller, using synchronization based on frequency. 

8 . Make an elementary diagram for a reduced-voltage primary-resistance-type 
synchronous-motor controller, with dynamic braking and with synchronization 
based on frequency. 

9. A machine is driven by a six-pole 440-volt 60-cycle synchronous motor, 
which is supplied from a motor-generator set used for that purpose only. It is 
found necessary' to run the synchronous motor at 660 rpm. What voltage and 
frequency must the generator deliver? 

10. A controller like that of Fig. 218 has been built for a 100-horsepower 220- 
volt 60-cycle synchronous motor. The owner now desires to use the controller 
with a 150-horsepower 440-volt 60-cycle motor having the same field character¬ 
istics. Which of the following items will have to be changed? 


MS contactor coil 
MR contactor coil 
Main contacts of MR 
Overload relay coils 
D-c ammeter 
A-c ammeter 
Fuses 


A-c main circuit wiring 
Control wiring 
TS relay coil 
ICi? relay coil 
Interlock fingers on FS 
FS contactor coil 
Timing condensers 


11. A continuously' running, non-reversing mill for rolling steel slabs is sub¬ 
jected to a very’ heavy’ load each time a slab starts to enter the rolls. To cushion 
the load on the driving motor at this time, the mill i*? equii)ijed with a heavy 
fly’wheel. Two motors of identical rating are available, one a ‘s.vnchronous motor, 
and the other a wound-rotor motor. Which should be used, and why? 
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MAGNETICALLY OPERATED BRAKES 

In many applications of electric motors the ability to stop quickly 
and accurately is important. Electrically operated brakes are widely 
used for that purpose, either in connection with dynamic braking or 
as the sole means of stopping. Brakes are also necessary on hoists, 
cranes, elevators, and similar machines, to hold the load after stopping. 

The essential parts of a brake are the friction material, shoes or 
band, wheel, operating device, and mounting parts. Most brakes are 
electrically released and spring-set, so that the brake will be set in 
case of an electrical failure or a power interruption. It is occasionally 
advantageous to make the brake electrically set. A typical example 
of this arrangement is the application of brakes to the individual rolls 
of a printing press. The motor is stopped by dynamic braking, and 
the brake coils are connected in the dynamic-braking circuit, so that 
the brakes are set by the dynamic current and released as soon as the 
motor has stopped. 

Brakes are of the shoe, the disk or the band type. The shoe-type 
"brake has the friction material mounted on two shoes, which apply on 
opposite sides of the brake wheel. The shoes cover approximately half 
of the wheel circumference. They are operated independently and are 
independently adjustable. The shoe brake requires only a small 
movement to release, the travel of the operating magnet being ap¬ 
proximately 0.04 inch for each shoe. The short stroke gives fast 
operation and also reduces shock and hammer blow when releasing 
or setting. 

The disk brake is arranged for mounting directly to the motor end- 
bell. The brake lining is fastened to a steel disk which is supported 
by a hub keyed to the motor shaft. The disk rotates with the motor. 
When the brake is set, a spring pulls a stationary steel member into 
contact with the rotating disk. Although brakes have been built with 
a number of disks, the general practice is to have only one. Since the 
air gaps must necessarily be small, the use of more than one disk 
increases the chance of the brakes dragging when released. Disk 
brakes are limited to relatively low torque ratings. 

479 



480 MAGNETICALLY OPERATED BRAKES 

The band brake has the friction material fastened to a band of steel 
which encircles the wheel and may cover as much as 90 per cent of 
the wheel smface. The increased braking surface permits a lower 
pressure per square inch, with consequent reduction of wear of the 
lining. This is offset somewhat by the fact that the braking pressure 
is not equal over the whole band, as a wrapping action may occur 
when the brake sets. The band brake requires a longer stroke to 
release it. 

Lining Materials. The following description of the lining materials 
for electrically operated brakes, and of the wheels, is taken from a 
paper by H. E. Hodgson, published in the Iron and Steel Engineer, 
February, 1931, and the facts are the same today. 

The basic material in all cases is asbestos. In all but molded types 
it is fashioned into a thread around a brass wire. Generally some 
cotton is used to make the thread more easily formed. The w’oven 
linings are made so that in effect there are several layers of woven 
fabric tied together by occasional strands of woof which pass through 
all layers. The fabric is then impregnated with a binder, which will 

serve as a matrix to cement the strands and fibers together; tar, 

asphalt, sugar, silica, rubber, and various polymerizing oils are, or 
have been, used. Then heat and pressure are applied to cure the 

binder and reduce the lining to the final shape and condition. In 

this process the thickness which will give longest life per unit of 
material may be limited by the wearing process, by the penetrating 
process of the binder, or by the press capacity. The woven lining is 
reasonably flexible and can easily be formed to suit wheel surfaces. 
Its surface is rather rough, and the high spots must be worn down 
before maximum friction is delivered. In the molded type, the asbes¬ 
tos fibers are mixed with a binder and other constituents. Sometimes 
short pieces of bras.s wire are used to reinforce the product. The mix¬ 
ture is then formed in molds to the desired shapes. The molds are 
customarily heated to cure the binder. Molded linings are hard 
dense, uniform in thickness, and smooth surfaced. They must be 
formed to the shape in which they will be used. They are not so 
easily fastened to the carrying surface as either of the other types and 
may break. 

In the folded and stitched type of lining the strands are loosely 
woven into a rough open cloth, which is filled with the binder by the 
frictioning process. In the frictioning process the cloth is passed be¬ 
tween metal rolls. The binder material is fed into the bite of the 
rolls, and it adheres to them to some extent, so that it is pulled 
through with the cloth and forced into all spaces in the cloth. Usually 
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only one surface is filled at a time, and two passes are required to 
cover both surfaces. The friction cloth is folded together in the neces¬ 
sary number of sheets to build up to the desired thickness. The sheets 
are loosely stitched to make further handling during the subsequent 
operations easier. The stacks are then subjected Ao heat and pres¬ 
sure for curing and producing a uniform thickness. The folded and 
stitched linings are reasonably flexible and vrill not break while being 
riveted to the carrying surfaces. The surface is moderately smooth. 

The fundamental requirement in all types is that the binder must 
permeate the fabric and form a matrix to support the relatively weak 
fibers of asbestos. The binder must stand the temperature which 
develops when the wheel slides against the friction lining under pres¬ 
sure, and it must remain mechanically strong enough to support the 
asbestos. When linings are worked too hard the wear rate is multi¬ 
plied in all types. There is a critical temperature which, if exceeded, 
causes rapid failure of the lining. It does not appear that the wear 
rate is especially affected at any value below the critical temperature 
of the particular lining. When the critical temperature is exceeded 
in the woven lining, the woof cuts away, and the binder is either not 
strong enough to hold the pieces or it vaporizes out, and strands of 
the warp fly out along the short loops of woof. 

The molded type scuffs away. 

The folded and stitched type separates between layers, and partial 
layers flake off. 

The problem is to know what is the limiting severity of service to 
give economic results. 

The adhesion or coefficient of friction can be regulated by the manu¬ 
facturer; it appears mainly to be a function of the binder in com¬ 
bination with the asbestos. The coefficient is not exact; it will vary, 
in a given sample, over a range of 1.6 to 1. The factor depends quite 
largely on the condition of the metal surface which opposes the lining 
as well as on the lining itself. Roughly, the life is progressively 
shorter as the coefficient of friction increases. Temperature effects, 
oil effects, and water effects produce variations in results. There is 
a light service condition where a film of metal oxide will form on the 
lining face, practically eliminating the lining wear and increasing 
the frictional coefficient to as high as 0.8. This can be obtained with 
almost any type of friction material if the right conditions are pro¬ 
vided, but the conditions represent such low energy consumption per 
unit of area that it is not practical to embody them in industrial 
apparatus. We have previously pointed out that it would require 
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three to ten times the present accepted friction area to produce these 
conditions. 

TABLE 41 

Comparative Results with Linings 




Lining Wear, 

Order of 

Wheels with 

Type of 

Coefficient 

Characteristic 

Wear Effect 

Which Tests 

Lining 

of Friction 

Range 

on Wheels 

Were Made 

Woven 

0.36-0.75 

9,000- 100,000 

Hard 

Steel castings un¬ 
treated and steel 
castings hardened 

Molded 

0.3 -0.6 

43,000- 73,000 

Harder 

0.20-0.30 C casting 
untreated 

Folded and 
stitched 

0.36-0.75 

22,000-1,250,000 

Hardest 

All wheels and all 
service conditions 


Brake Wheels. Materials for brake wheel must be strong and 
flexible but must break sharply if their strength limit is exceeded. 
In other words, it is desirable to have the elastic limit and the ultimate 
strength high and close together. The relation of diameter and length 
must be considered. The surface area of the wheel is flxed by the heat 
to be dissipated. A narrow wheel will have a high WR^, whereas a wide 
wheel may be more difiicult to machine. 

In operation, brake wheels heat up unequally. The source of heat 
is between the lining and the wheel, and the heat flows through the 
wheel to meet a cooling current of air at the inside of the wheel; 
consequently the wheel expands unequally in proportion to the in¬ 
equality of temperature in the wheel. Elasticity is required to stand 
the inequality of expansion. The particles in the wheel should retain 
their strength up to fairly high temperatures, and when their strength 
is exceeded they should break away in inflnitesimal grains and not 
foul the lining. Cast-iron wheels have been tested in three forms— 
semi-steel, nickel cast iron, and a so-called graphite cast steel, 
which is very similar in appearance to cast iron but can be hardened. 
Steel wheels have been tested in 20-point carbon casting, 45-point 
carbon casting without heat treatment, low carbon with some manga¬ 
nese casting, 5-point carbon forged wheel, 45-point carbon casting- 
hardened, 60- to 75-point carbon rolled steel plate formed for the 
rim and hardened, untreated alloy steel, and mild steel carburized 
and case-hardened. 

With low pressures and low energy consumption, the wear charac¬ 
teristics go very high; for example, a %-inch-wide leather belt with 
a half wrap on a wheel running at 1200 rpm with a slip speed of 294 
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feet per minute and a 10-ounce pull on the leather belt operated con¬ 
tinuously for three months with no measurable wear of the leather. 
On another brake similar to this, a % 2-inch-thick band operated a 
year at 200 rpm, equivalent to 100 feet per minute slip speed, with no 
apparent wear of the band. It will be noted fro n a study of the 
tabulation that the wear characteristic values have a ratio as high 
as 60 to 1, depending upon the condition of the brake wheel and the 
temperature. The range of a single lining on a single type of wheel 
is approximately 5 to 1. 

The general indicated conclusions are that cast-iron wheels are 
not elastic enough for wide ranges of temperature. Surface cracks 
develop, and under extreme conditions cracks will progress through 
the rim, caused by the inequality of stresses due to the varying ex¬ 
pansion in the rims. In ordinarily mild service the wheel surface 
polishes, thus producing very good conditions for long life of wheel 
and lining. Another feature is that, in order to get the same rigidity, 
the weight must be increased approximately 50 per cent. This adds 
to the flywheel effect and is undesirable. Owing to the lower break¬ 
ing strength, the permissible speed of rotation is less for the cast-iron 
wheel than for the steel wheels. 

Steel, whether of low or high carbon content, without heat treat¬ 
ment, under easy service conditions, with light pressure and low 
speeds, will ordinarily become polished and produce long wheel and 
lining life. There is a gradual improvement in wheel performance as 
the carbon content increases, but it was indicated from tests that 
with pressure in the range from 30 to 50 pounds per square inch and 
normal velocities, representing fair severity of service, steel without 
heat treatment tends to drag, and particles bed into the lining. Then 
the scoring of the wheel progresses rapidly. 

Hardened steel, even though the hardness does not exceed 40 
Scleroscope, apparently produces better lining life than cast iron in 
the ratio of about 4 to 3, without danger of cracking. The cost of 
the hardened or heat-treated wheel is certain to be somewhat above 
that for a casting, since the wheel must be machined close to finished 
size before it is heat-treated, and then it must finally be finished after 
heat treatment, so that two sets of operations are required in the 
manufacture of the wheel, instead of the single set which is needed 
for the untreated wheel. Also the final grinding operation on the 
hardened wheel surface requires somewhat longer than a machined 
finish on an untreated wheel. The heat treatment itself adds some¬ 
thing to the cost. However, in view of the economies to be gained 
from the increased length of lining and wheel life, it appears that 
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on a majority of installations it would be an economical plan to buy 
the hardened-steel wheels. 

Finally, then, cast iron will be satisfactory, with any lining, for 
light service and limited speeds; untreated cast steel will be satis¬ 
factory, with some linings, for light service and fairly high speeds; 
hardened steel will be satisfactory, with any lining, for all service 
conditions. Lining life varies over a wide range, depending more on 
wheel condition than on severity of service, except that severity of 
service finally affects the wheel condition. 



Fig. 226. Direct-purrent Direct-acting Shoe Brake. 


Operating Mechanisms—Direct Current Direct-current brakes may 
be operated by a solenoid or by a direct-operating magnet. A solenoid 
operates against a spring through suitable linkages. A combination 
of weight and spring may be used, the solenoid lifting the weight, 
W'hich rests on the base of the brake when the brake is set. The 
torque delivered at the wheel is regulated by adjusting a spring. In 
the direct-operating type the armature of the electromagnet ns an 
integral part of one of the brake-shoe arms. The field member of the 
magnet is connected to the opposite shoe arm by a rod which passes 
over the brake wheel. When the brake is applied, the armature and 
field are forced apart by a spring located in the center of the magnet 
field, and the brake shoe attached to the armature is forced against 
the wheel. Simultaneously, the magnet field pulls the opposite shoe 
against the wheel. The intensity of the braking force is regulated by 
varying the adjustment of the spring in the magnet field. Adjustment 
for wear of the lining is made by varying the length of the rod above 
the brake wheel The rod is threaded at one end, and the length is 
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varied by turning a nut. Provision is also made for equalizing the 
clearance of the two shoes. 

The operating coils of either solenoid or direct-acting magnetic brake 
may be wound for series or shunt connection and for continuous or 
intermittent duty. If series-wound, the coil is connected in the motor 
circuit and operated by the motor current. The coil is wound to suit 
the horsepower and duty rating of the motor with which the brake 
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In to he u^ed, and for intermittent duty it ib designed to lift the brake 
on al)out 40 per cent of full-load current and hold it released on about 
10 per cent of full-load current. For continuous duty the coil will 
require about 80 per cent of full-load current to lift the brake. 
Intermittent-duty J^erie^ brakes are rated as either ^^-hour duty or 
1-hour duty, corre^ponding to the method of rating intermittent-duty 
series motors. 

Shunt-wound brakes are wound for either intermittent or continuous 
duty. Intermittent duty is understood to mean 1 minute on and 
1 minute off, or the equivalent, the longest continuous application of 
voltage not to exceed 1 hour. These brakes will release at 85 per cent 
of normal voltage when adjusted for rated torque. Since shunt-wound 
coils have a greater inductance than series-wound coils, the shunt 
brakes are ordinarily not so fast in releasing. In order to increase 
the speed of operation, it is customary to wind the shunt coil for a 
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voltage lower than line voltage and to use a resistance in series with it. 
The coil is usually vround for one-half of line voltage, but it may be 
wound for a voltage as low as one-tenth of line voltage in order to 
get extremely fast release. A relay may then be used to insert the 




Details of Magnet 
Coil Construction 


A 'long heticai sprtng sets brake shoes firmly agamsf 
wheel when power is interrupted 
B-Magnet coil when energized holds brake shoes 
dear of wheel 

€• Magnet field, connected to opposite brake shoe 
Magnet armature connected directly to brake shoe 
£• Lined brake shoes 

f •Frictionplugs m each shoe, to keep shoe m alignment 
$• Bearings 

J • Adjusting screw, for equalizing clearance between 
brake shoes and wheel 

A- Adjusting nuts, to adjust for wear of brake shoe linings 
L “ Adjusting nuts, for varying compression of operahng spring, 
much tn turn vanes the intensity of broking force 


Fig. 228. Direct-current Direct-operated Shoe Brake Construction 


resistance. The relay is normally closed around the resistance, and 
its coil may be connected in series with the brake. When voltage is 
applied, the inductance of the brake winding retards the rise of current. 
As soon as the current has built up, the relay operates and inserts 
the series resistance. Another frequently used method is to insert the 
resistance by means of a timing relay. With this arrangement the 
brake will release even more quickly than with a permanent series 
resistance, The smaller brakes, up to a 10-inch-diameter wheel, do 
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not ordinarily require partial voltage coils, but their use is general 
on the larger brakes. 

Series brakes have several advantages in addition to that of fast 
operation. The scries coil, being of heavy wire, j* less likely to give 
trouble than a fine-wire shunt coil; and, since thV voltage per turn is 
low, the insulation is not likely to break down. The coil is in series 
with the motor armature, so that if the armature circuit is opened 
the brake will set. This is an important safety feature in connection 
with hoists or other machines where there is an overhauling load, as 
a broken resistance grid or a loose wire connection might open the 
annature circuit and allow the load to drop. The wiring to the brake 
is simple, as the brake is mounted on the motor and connected to it. 

Shunt brakes are used in connection with machines w^hich have a 
widely varying load, w’hen the armature current is not always great 
enough to keep a series brake released. It is possible to obtain some 
measure of protection against an open armature circuit by using a 
scries relay with the shunt brake. The coil of the relay is connected 
in the armature circuit, and the contacts in series with the brake coil. 
When the motor is started, the inrush current will close the relay, and 
the relay will close the circuit to the brake. An interlock on the brake 
is used to bypass the contacts of the series relay, so that the brake 
will remain energized if the series relay opens on low armature current. 
This arrangement protects only against releasing the brake with the 
armature circuit open; it does not protect against opening the circuit 
after the motor has started. 

Operating Mechanisms—Alternating Current. The three principal 
forms of alternating-current brake-operating mechanisms are the so¬ 
lenoid type, the torque-motor type, and the thrustor type. 

The alternating-current solenoid brake is similar to the direct- 
current solenoid type, except that the solenoid frame must be laminated 
to reduce eddy currents. Since the alternating-current flux passes 
through zero twice every cycle, the pull of the magnet is not constant. 
Shading coils, similar to those on alternating-current contactors, must 
be used to provide a pull during the change of direction of the main 
flux. Even with shading coils it is difficult to design a solenoid 
mechanism wiiich will be quiet in operation and free from vibration. 
Another disadvantage of the solenoid is that it drawrs a heavy current 
at the first application of voltage, when the magnetic gap is open. 
In general, solenoids are used only for the smaller brakes, although 
polyphase solenoids are sometimes used for the larger sizes. 

The torque-motor mechanism utilizes a specially wound polyphase 
squirrel-cage motor, which may be stalled without injury to the wind- 
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ings and without drawing excessively heavy currents. The motor 
drives a ball jack, which translates the rotary motion of the motor 
to a straight-line motion and releases the brake. The motor then 
stalls, holding the brake in the released position unt^ the motor circuit 
is opened. The brake is set by a spring, which overhauls the torque 
motor. The slight flywheel action of the rotor tends to eliminate shock 



Fig 231. Clark Thrustor-opei at ed Band Brake 


when the brake sets. A slip clutch, constructed as a part of the ball- 
jack mechanissin, also acts to prevent shock at the end of the brake 
movement. The brake is quiet in operation, as the pull of the motor 
is uniform, and there is no open magnetic circuit. The current taken 
from the line is not great and is practically uniform throughout the 
stroke. A small brake of this type requires 110 volt-amperes, com¬ 
pared to an inrush of 2000 volt-amperes for a solenoid brake of the 
same rating. A large size requires 1520 volt-amperes, compared to 
21,000 for the corresponding solenoid brake. A disadvantage of this 
brake in comparison with the solenoid type is that the torque motor 
must alwavs be operated in the same direction, which necessitates 
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an extra relay on a reversing controller and extra trolley wires when 
used on a crane. 

The operation of the thrustor is quite different from that of the 
mechanisms which have been described. The thrustor is essentially 
a motor-driven centrifugal pump, which operates on oil in a cylinder. 
The pump motor is of the polyphase squirrel-cage type. When ener¬ 
gized, the motor forces oil under a 
piston, which, in rising, moves a lever 
and releases the brake. To set the brake, 
the motor is de-energized, and a spring 
forces the piston to its original position. 
The return movement of the piston is 
cushioned by the inertia of the operator 
motor and pump, and so the brake is set 
without severe shock. The pump im¬ 
peller has straight blades, and it pumps 
equally well in either direction of rota¬ 
tion. 

Operation with Rectifiers. Since the 
direct-current operating mechanisms are 
so much simpler than alternating-current 
mechanisms, particularly in the larger 
sizes, there has been an increasing use of 
rectifiers to supply direct current for the 
Brake ReiT ’ ’ brake on an alternating-current installa- 

tion. Selenium-disk-type dry rectifiers 

Fig. 232. Connections for Oper- 
. . i. Tj 1 are generally' used, 

ation of a Direct-current Brake _. 

on Alternating Current. figure 232 shows the connections for 

a control of this type. The brake relay 
BR is energized by the closing of a contact in a master controller, 
or on the motor control panel. The closing of BR energizes the brake 
through the rectifier and also sets in motion a timing relay TR which, 
after a short time delay to permit the brake to operate, inserts a 
resistor into the brake coil circuit. Since the brake requires more 
current to release than it does to remain released, the current may 
be reduced in this way, permitting the use of the minimum size of 
rectifier. The timing relay shown is one of the condenser-discharge 
type. Any type giving an accurate timing of a second or so is 
satisfactory. 

Mechanical Parts and Mounting. The frame and mechanical parts 
of a brake are usually made of steel and must be strong enough to 
withstand the shocks and jars of frequent operation. The structure 
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must also be rigid so that the brake shoes and wheel will stay in 
proper alignment and so that side strains on the motor shaft will be 
avoided. Springs afford the best means of setting the brake, as they 
have relatively little inertia. Where a weight is UFjd, it is customary 
to provide a dashpot or some similar means of nishioning the shock 
in setting. 

Brakes may be mounted either on the floor or on the frame of the 
motor. There is some difference ol opinion as to the preferable method, 
and the choice is probably best made from a consideration of the 
application in question. The advarAayes of floor mounting are: 

Lower first cost. 

More rigid mounting. 

Less strain on the motor frame. 

The advantages of mounting on the motor are: 

No special foundation is required. 

The brake is automatically aligned with the motor. 

The brake will not get out of alignment with the motor. 

The brake and motor can be handled as a unit. 

Less floor space is required. 

Determination of Brake Size. There are three factors which must 
be considered in rating a brake, or in selecting the correct brake for 
a given application. 

The first factor is the mechanical strength of the brake, or the 
retarding effort which it can deliver. This is determined by the force 
with which the spring holds the shoes against the wheel, the radius 
of the wheel to which the force is applied, and the coefiicient of friction 
between the lining and the wheel face. The torque required of the 
brake is determined from the formula 


5250 ho 



where T = torque in pound-feet, 
hp = rated motor horsepower. 

N = full-load motor speed in rpm. 

The brake should have a torque rating equal to, or greater than, that 
obtained from the formula. Where adjustable-speed motors are used, 
the torque should be calculated at the lowest operating speed. 

The time required for a brake alone to stop a moving mass may 
be calculated from the formula 
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mKE 

2irTNi 


[2] 


where t = time in seconds, required to stop the moving mass after the 
brake is de-energized. 

ta = time in seconds for the brake shoe to apply against the wheel 
after the brake is de-energized. 

t 4 = time in seconds for the moving mass to stop after the brake 
shoes apply. 

KE = total kinetic energy in the moving system at the instant the 
brake applies. 

T = retarding torque in pound feet. This torque is the sum of 
the brake torque and the friction torque of the moving sys¬ 
tem. In most calculations the brake torque only is con¬ 
sidered, unless the friction torque is high. 

Nh = rpm of the brake wheel. 


For a rotating body, 

WR^ 


where I = 




KE = [3] 

, which is the moment of inertia of the body in Ib-ft^. 


6 ) 


2irAr 


which is the angular velocity in radians per second. 


If we substitute for I and w, the equa^on reduces to 


KE = 1.7 WR^ 





where W = weight of the rotating mass in pounds. 

R = radius of gyration of the mass in feet. 

N = rpm of the mass. 

For a body with linear motion, 

KE = [5] 

IW /V\^ 

or KE^ -( —) [6] 

2 g \60/ ^ 

where v = linear velocity in feet per second. 

V — linear velocity in feet per minute. 
g = 32.2. 
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Equation 2 may be rewritten 


^ = ta + 


WR^Nj, 

308T 


m 


Equation 7 applies to a machine having a single rotating element, or 
a group of elements rotating at the same speed. If the machine has 
elements which are rotating at speeds different from that of the brake 
wheel, the equivalent WR^ of any such element is 


Equivalent WR^ = 

where WiRi = the W R^ of the element at its actual speed N, 

The second factor in a brake rating is the heat-dissipating capacity 
of the brake wheel and the shoe lining. It is the foot-pounds of 
kinetic energy which can be absorbed by the wheel and lining and 
dissipated as heat, without causing the wheel face or the lining to 
become dangerously hot. The lining is a poor heat conductor, and 
deteriorates rapidly at temperatures above 400 F. The heat-dissipating 
capacity of the wheel is determined by its surface area, by the operat¬ 
ing cycle, and by the ventilation. Where a brake is used only for 
holding a load, and not for stopping it, this factor need not be 
considered. Manufacturers do not ordinarily list figures for the heat- 
dissipating capacity of their brakes, since there are so many variables 
in the conditions encountered in sersuce. It is customary to list limit¬ 
ing horsepowers with which specific brakes may be safely used, these 
being determined by calculation and test, and being satisfactory for 
most applications. Where the frequency of operation is very high, 
or the energy of motion is very great, the brake manufacturer should 
be consulted before the brake is selected. 

The third factor is the duty of the operating coil or mechanism, 
which must be strong enough to release the brake shoes against the 
pressure of the brake springs, and must hold the shoes released for 
a period of time which depends on the duty cycle of the brake. Shunt 
coils are rated in voltage, for intermittent or for continuous duty. 
Continuous duty means that the coil will hold the brake released 
continuously without overheating of the coil. Series coils are rated 
in amperes for %-hour or 1-hour duty, to correspond to the ratings 
of series motors. The %-hour rating means that the brake coil will 
carry full-rated motor current for ^ hour without overheating. This 
is equivalent to a duty cycle of 1 minute on and 2 minutes off (% time 
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duty), repeated continuously. Similarly, the 1-hour rating is equiva¬ 
lent to a duty cycle of 1 minute on and 1 minute off (% time duty), 
repeated continuously. 

Other considerations which enter into the seler ion of a brake are 
safety, ambient temperature, and maintenance. Vhe safety considera¬ 
tion enters into such applications as balanced hoists, where the brake 
should be large enough to hold a leaded car or bucket in case a broken 
cable removes the counterbalance. A high ambient temperature will 
reduce the heat-dissipating capacity of the brake end may necessitate 
the selection of a larger size. Maintenance should be considered, as 
the severity of the service has a direct bearing on the life of the brake 
lining and wheel. Most brakes are designed to make adjustment 
simple and replacement of linings easy. Brakes which are in hard 
service should be inspected frequently, with particular attention to 
the following points: 

1. Proper adjustment of the air gap between the wheel and the 
linings. 

2. Equal clearance on the two shoes. 

3. Tightening of bolts in the motor and brake bosses. 

4. Grounds in the coil or leads. 

Typical Brake Data. Table 42 gives data applying to a typical line 
of direct-current direct-operated shoe brakes. 

Table 43 gives data applying to a typical line of alternating-current 
torque-motor-operated shoe brakes. 


TABLE 43 

Alternating-cukrent Brake Data 


Size 

of 

Maximum Torque 
in pound-feet 

S-phasOy GO-cyde, 


Safe 

Weigh! 

of 

Brake 

Wheel 

Brake 

Inter¬ 

Contin¬ 

volt-amperes 


Max¬ 

Brake 

Face 

in 

mittent 

uous 

Inter¬ 

Contin¬ 

of 

imum 

in 

in 

inches 

Duly 

Duly 

mittent 

uous 

Wheel 

rpm 

pounds 

inches 

10 

160 

125 

160 

no 

3.1 

4000 

150 

4.25 

13 

400 

325 

210 

135 

12 

3100 

240 

5.25 

16 

800 

600 

300 

235 

25 

2520 

370 

6.75 

20 

1600 

1200 

1080 

460 

75 

2025 

750 

8.25 

25 

3200 

2400 

1520 

530 

220 

1600 

1210 

10.25 


Standard ratings for the smaller brakes are given below. There 
are no standard ratings for direct-current series brakes smaller than 
those listed above. 
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Torque in poundrfeet 
ConUmuyus 1 hour 
3 

10 15 

25 35 

50 75 

70 90 


A-c 

Torque in pound-feet 
Continuous Intermittent 


1.5 


3 


10 

15 

25 

35 

50 

75 

125 

160 


Alternating-current brakes will release at 85 per cent of full line 
voltage and will operate satisfactorily at 110 per cent of full line 
voltage. 

Shunt brakes will release at 85 per cent of full line voltage and will 
operate satisfactorily at 110 per cent of full line voltage. 

Series brakes will release at 40 per cent of full-load motor current 
and will remain released down to 10 per cent of full-load motor current. 

Standardization of Brakes. A number of attempts have been made 
to reach a standardization of brakes, not only so far as torque is 
concerned, but also in wheel sizes and mounting dimensions. There 
has been little progress along these lines except in the direct-current 
brakes for mill motors. In 1947 the Association of Iron & Steel 
Engineers, working with motor manufacturers, developed a new line 
of mill motors known as the 600 series of motors. Motor ratings and 
essential dimensions were standardized. Then, in 1948, the AISE, 
working with NEMA, began a program to standardize brakes for the 
new motors. Since all brake manufacturers were faced with the 
problem of redesigning their brakes to suit the new motors, whether 
or not there was a standardization, the value of standardization at 
that time was evident. The proposed standards are included here, 
although at the time of this writing (late 1952) most manufacturers 
had these brakes only in the development stage. 
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Problems 

1. Calculate the torque of a 25-horsepower 600-rpm motor when it is operating 
at its rating. 
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MAGNETICALLY OPERATED BRAKES 


2 . If a 25-horsepower 600-rpm motor is used to hoist a load which requires 
full-rated torque when the efficiency of the hoisting mechanism is 60 per cent, 
what torque must a brake supply to hold the load stationary after it is hoisted? 

5. The trolley of a crane weighs 2000 pounds and travels at 90 feet per minute. 
The of the driving motor, plus that of all rotating parts of the trolley, is 
15 lb-ft2. Calculate the torque required of a brake which will stop the motor 
in 10 revolutions. 

4 . The WR^ of a 200-horsepower 450-rpm motor is 800 Ib-ft^. How long will 
it take to stop the motor with a brake which delivers a torque equal to 50 per 
cent more than the rated torque of the motor? 

6. If the motor of problem 4 is driving a direct-connected load having a Tr/?2 
of 2000 lb-ft2, how long will it take to stop the motor with a brake which delivers 
a torque equal to 50 per cent more than the motor torque? 

6 . How much torque would be required of a brake which would stop the 
motor and load of problem 5 in the same time that the brake of problem 4 
stopped the motor alone? 

7 . A 150-horsepower 460-rpm shunt motor having a WR“ of 415 lb-ft2 is 
driving a direct-connected load having a WR“ of 500 Ib-ft^. If the motor is 
fitted with a brake which delivers a torque equal to the motor torque, and in 
addition the controller is arranged for dynamic braking which varies from three 
times the motor torque at the start to zero at stand>till, how long will it take 
to stop the motor? 

8. A 75-horsepower 1750-rpm motor having a WR^ of 118 Ib-ft^ is driving a 

flj'Tii’heel which is a solid cylinder having a diameter of 3 feet and a weight 
of 2000 pounds. The gearing between the motor and the flj’wheel is 5 to 1. 
Calculate the equivalent of the system. 

9. How long will it take to stop the motor and flywheel using a brake which 
delivers a torque of twice the motor torque. 

10 . Calculate the kinetic energy in an armature having a WR^ of 1300 pound- 
feet2 and a speed of 1750 rpm. 

11 . If the rating of the motor of problem 10 is 700 horsepower, how many 
revolutions will be required to stop the motor after the brake sets if the brake 
torque is equal to the motor rated torque? 

12 . How many seconds will it take to stop the motor? 

13 . If the 700-horsepow’er 1750-rpm motor of problem 10 is driving a loud 
having an equivalent WR^ of 1500 including the brake wheel, calculate the torque 
required to reach zero speed in 15 seconds, allowing 0.40 seconds for the brake 
to set. 

14 . A brake which operates very infrequently can dissipate 1500 foot-pounds 
per square inch of wheel face, per minute, without reaching a temperature which 
will destroy the lining material. If the width of the wheel is 0.40 times the 
wheel diameter, what is the wheel diameter that is required? 

16 . The bucket of an ore-bridge hoist is operated by two 325-horsepowor 390- 
rpm motors. One called the hoist motor is geared to cables which connect to 
the top of the bucket. The other called the shell-line motor is geared to cables 
which connect to the hinged lips of the bucket, and this motor is used to open 
and close the bucket. In hoisting a full bucket, the motors divide the load 
equally. When opening the bucket, the brake on the hoist motor must hold 
the entire load, since the shell-line motor is paying out cable to permit the 
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bucket to open. Calculate the torque required of the two motors in hoisting 
when 

The bucket weighs 45,000 pounds. 

The ore weighs 45,000 pounds. 

The transmission efficiency is 0.70. 

The hoisting speed is 172 feet per minute. 

16. What torque is required of the brake which must hold the load while the 
bucket is opening? 

17. When the empty bucket is lowered to pick up another load, the two motors 
must decelerate at the same rate. Calculate the number of revolutions of the 
hoist motor after the brake applies if 

The lowering speed is twice the hoisting speed. 

The iri?- of the brake wheel and rotating parts is 500 lb-ft2. 

The Wi 22 of the motor is 1000 Ib-ft^. 

Note. The full weight of the bucket is on the hoisting line cables. 

18. What torque is needed on the shell-line brake to stop the unloaded shell- 
line motor m the same number of revolutions? 

19. A 280-horsepower 420-rpm motor having a WR^ of 1000 lb-ft2 is driving 
a direct-connected load having a WR^ of 300 Ib-ft^. Calculate the motor torque, 
and select a suitable shunt-wound 1-hour intermittent-duty brake from Table 42. 

20. Add the WR^ of the wheel of the selected brake, and calculate the time 
to stop motor, brake, and load. 

21. In order to secure faster stopping the 280-horsepower motor is replaced 
by two 140-horsepower motors, each having a WR^ of 350 Ib-ft^. Calculate the 
torque of each motor, and select suitable shunt-wound 1-hour intermittent-duty 
brakes from Table 42. 

22. Add the ITf?-* of the wheels of the selected brakes, and calculate the time 
to stop motor, brake, and load. How much has the stopping time been shortened 
by the use of two motors? 

23. A factory has a flywheel w’hich is of irregular shape and which weighs 
1000 pounds. It is necessary' to determine the radius of gyration. The flywheel 
is clutched to a motor, accelerated to 1200 rpm, and then declutched. At the 
instant of declutching, a 14-inch continuous-duty brake (Table 42) is applied. 
The flywheel stops in 20 seconds. What is the radius of g>Tation? 

24. A motor-driven car in a factory weighs 10,000 pounds and travels at 200 
feet per minute. The WR^ of the motor brake wheel, and of all rotating parts 
of the car, is 150 Ib-ft^. There is a safety' limit switch which cuts off power 
and sets the brake if the car is driven too near to the end of the track. How 
far from the end of the track should the limit switch be placed to insure safe 
stopping from full speed? 

26. A machine consists of three rolls, each weighing 2000 pounds. The radius 
of one roll is 18 inches, and it is geared to the motor through a 5-to-l gear train. 
The radius of the second roll is 2 feet, and it is geared through a 20-to-l gear 
train. The third roll has a radius of 12 inches and is geared through a 2-to-l 
gear train. The 150-horsepower 480-rpm motor has a WR^ of 415 Ib-ft^. The 
WR^ of the brake wheel is 313 Ib-ft^. What is the equivalent WR^ of the 
whole system? 



MAGNETICALLY OPERATED BRAKES 


26 . If the motor of problem 25 is equipped with an electronic controller which 
will hold the accelerating torque essentially constant at twice the full-load torque 
of the motor, how long will it take the motor to accelerate the sj^stem? 

27 . If the brake torque is 3600 pound-feet, how* long will it take to stop the 
system? 

28 . If the controller is changed to a magnetic controller which permits an 
average accelerating torque of 50 per cent of full-load torque, what will be the 
accelerating time? 

29 . If djmamic braking is provided to give an average decelerating torque 
equal to the motor full-load torque, in addition to the torque of the brake, 
what will be the time required to stop? 

30 . A motor on a crane is hoisting a load of 10 tons at a speed of 100 feet per 
minute. The gear ratio between motor and load is 20 to 1. The efficiency of 
the hoist is 80 per cent. How much torque must a brake provide to hold the 
load if power fails while hoisting? 
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RESISTOR DESIGN 

Design Operations. The design of a resistor may be divided into 
three operations: 

Calculation of the ohmic values. 

Calculation of the current-carrying capacity required. 

Selection of the actual materials to be used. 

The calculation of the ohmic values is generally not difficult. The 
ohms required depend upon the function of the resistor, that is, 
whether it is for accelerating purposes or for speed regulating or for 
dynamic braking. Where a number of similar resistors have to be 
designed, as, for instance, the accelerating resistors for a line of similar 
automatic starters, covering a range of horsepower, tables may be 
prepared which make the calculation a very simple matter. Similar 
tables may be prepared for the calculation of the current capacity, 
although the preparation of such tables is more difficult. The capacity 
depends upon the amount of current to be carried by the resistor and 
the percentage of time on in each cycle. If the current is constant, the 
calculation is simple, but, if the current varies, the calculation becomes 
more involved. 

The selection of the actual materials to be used is a matter for which 
no general rules can be set down, as it depends upon the materials 
available. Each manufacturer of controllers has his own line of east 
grids, ribbon resistors, and wire-wound units, the characteristics of 
which are known to his engineers. After the ohms and the current 
capacity required have been calculated, the material is selected on 
the basis of minimum cost, minimum space requirement, or service 
requirements. 

The calculation of ohmic values for various purposes is described 
in the chapters which cover the different types of motors and their 
control. 

Resistor Materials. Since resistors serve so many purposes, they 
must be available in a wide range of ohmic values and current-carrying 
capacities. For low ohms and high capacity, cast-iron grids are gen¬ 
erally used. For high ohms and low capacity, wire-wound units of 
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various types are available. Resistors having a ribbon of steel or other 
material form an intermediate class. 

Cast-iron Grids. Cast-iron grids, as the name implies, are resistors 
made of cast iron, in the form of grids, and with an eye at each end 
for mounting The eyes are usually ground and copper-plated to 



Fig 233 Bank of Cabt-iron Grids 


insure a good connection between grids. The grids are stacked in 
bunches on steel mounting rods. The rods are first insulated by being 
covered with a mica tube or wound wuth an insulating material. Mica 
washers are inserted betw’een the grids for insulation. Grids are made 
in many sizes and forms. The resistance obtainable with a single grid 
is about 0.125 ohm for the grid of minimum cross-section, and may 
go to 0.005 ohm or less for the larger cross-sections. 

Cast-iron grids are cheap and strong, and, contrary to what might 
be expected, they are not easily damaged by corrosion. They will rust, 
of course, but the surface hardness produced in casting prevents rapid 
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corrosion beyond the first layer of rust. Where protection against 
corrosion is important, as in marine service, the grids may be plated 
with zinc or cadmium or painted with aluminum paint. 

If grids are to be mounted as a part of a controller, the mounting 
rods are made of the proper length to extend across the frame at the 
rear of the slate panel, or they may be fastened to brackets or cross¬ 
angles in an enclosing frame. If the grids are mounted separately 
from the controller, as is standard practice in steel-mill and other 
large installations, the rods are mounted between steel end frames. 
The size of the box thus formed and the number of grids in it are 
usually standardized by the control manufacturer, so that any box 
purchased will fit the mounting of any other box. Figure 233 shows 
three grid boxes of this type. 

Punched Grids. Instead of grids being made of cast iron, they may 
be punched out of sheet steel, some corrosion-resistant alloy being 



Fio 234 E C & M. Tab Weld Resistor. 


preferable. Such an alloy may also have a negligible temperature- 
resistance coefficient. The grids are, of course, much stronger than 
cast-iron grids. Figure 234 shows a resistor of this type made by the 
Electric Controller and Manufacturing Company. In this design the 
end'' of the grids are welded together to obtain a good electric contact, 
and the resistor becomes, in effect, a continuous strip. 

Ribbon Resistors. Some resistor installations are subject to severe 
shocks, as, for example, installations on open-hearth charging machines 
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or on battleships. Grids cast of a special alloy are sometimes used on 
such installations, but ribbon resistor is more common. The ribbon 
may be a copper-nickel alloy or stainless iron or Nichrome. The 
ribbon is wound edgewise, either in a spiral form on tubular porcelain 



Fig 235 Ribbon-l\pe ReM^tor 


insulators or bet\\een lUbulated mounting supportb (see Figjs 235 and 
236). An assembly of either type may be mounted as a part of the 
controller or made up in the form of the mill-type box. The principal 
advantage of the ribbon resistors is that they are shock-proof. In 
addition they are rust-proof, light in weight, and compact. They are 
more costly than cast-iron resistors. 

Wire-wound Units. Wire-wound units take many fonns, some of 
which are shown in Fig 237. The flat units have a base of clay or of 
some other insulating material. The wire, usually a copper-nickel 
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alloy, is wound on the base, and the unit is covered with a cement 
and baked. Another method is to cover the unit with a highly heat- 
resistant enamel. These units are assembled on rods for mounting 
in a controller, or they may be mounted directly on the rear of the 
slate panel. In resistance they may be wound for anything from a 
fraction of an ohm up to several thousand ohms per unit. 



< A 





Fio. 236. Geneidl Elcetiic Resistoi Units. A. iSniooth-woimd with Taps. B. Open- 
wound with 3 Taps. C. Edgew'ise-wround, with Midtap. D. Multiple Eklgewise- 

wound. 

The tubular units are wound on porcelain bases, and cemented or 
enameled after winding. The type-R (Fig. 237) unit has a metal 
sheath over the cement for protective purposes. 

Figure 238 shows a mill-type box made up of heavy imits. A base 
of lava has been used, cut w ith a spiral groove to take the wire winding. 
The wire itself is first wound into a spiral, which is then wound on 
the base. Clamps at each end of the unit serve to hold the winding 
in place and to provide for a connecting terminal. 






RESIbTOR DEbIGN 









CURRENT CAPACITY 


507 


A column of thin graphite disks may also serve as a resistor. When 
these disks are loosely stacked, the resistance of the column is high. 
To reduce the resistance, the disks are put under pressure. A cam 
provides the variation of pressure, giving equal resistance changes for 
equal movements of the control lever. When used for accelerating 
purposes, the column is finally short-circuited by a copper-to-copper 
contact or by a magnetic contactor. 



Current Capacity. The capacity of a resi«»tor and the amount of 
material required for a given application are determined by the wattage 
to he disMpated, the length of time on, and the cooling time, or time 
off. On a single start, the resistor will absorb a certain amount of 
heat, depending upon its mass; and if the duty is infrequent, this may 
be the determining factor. AVith repeated starts, the resistor does not 
have time to cool lully, and the criterion is then the ability of the 
resistor to radiate heat to the surrounding atmosphere. In the first 
case the mass of material is the important factor and ventilation is 
not so important; but in the second case the ventilation available 
becomes of considerable importance. If the grids are stacked closely 
together on the rods, the ventilation will be reduced, and more grids 
will be required to dissipate the same energy. Also, if several banks 
of grids are stacked one above the other, the heat of each one will 
affect the others, and the dissipating capacity of the whole bank will 
be reduced (see ¥ig. 239). 

In order to arrive at a rating for his resistor materials, the manu¬ 
facturer must test each size of grid or unit, not only for continuous 
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carrying capacity but also on a number of intermittent cycles. He 
must also determine the effects of close and wide stacking, and of 
mounting different numbers of stacks one above the other. To enable 
manufacturers to make these tests under the same conditions, and so 
have a common basis for rating resistors, NEMA has set up the follow¬ 
ing definitions and resistor classes. 
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Fig. 239. Effect of Spacing on Grid Rating. 


Definition—^Periodic Rating. The periodic rating defines the load 
which can be carried for the periods of load and rest specified in the 
rating, the apparatus starting cold, and for the total time specified in 
the rating, without causing any of the limitations established herein 
to be exceeded. 

Service Classification, (a) Standard resistors to meet various classes 
of service shall be designated by class numbers in accordance with the 
table of classification of resistors (Tables 44, 45, and 46). 

(b) Starting and intermittent-duty resistors are primarily designed 
for use with motors requiring an initial torque corresponding to the 
stated percentage of full-load current on the first point, and requiring 
an average (root-mean-square) accelerating current of 125 per cent 
of full-load current. 

(c) Starting and intermittent-duty primary resistors for squirrel- 
cage motors, requiring greater accelerating current, are included in the 
standard classification subject to test specifications (see below). 

(d) Continuous-duty resistors shall be capable of carrying continu¬ 
ously the current for which they are designed. 
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TABLE 44 

Classification of Resistors for Non-reversing Service and 
Reversing Non-plugging Service 


Aryurox. % 









of FvUrload 

f 

30 sec 

5 sec 

10 sec 

16 sec 

16 sec 

16 sec 

16 sec 

Con¬ 

Current on 

of Each 

of Each 

of Each 

of Each 

of Each 

of Each 

of Each 

tinuous 

First Point 

15 min 

80 sec 

80 sec 

90 sec 

60 sec 

46 sec 

80 sec 

Duty * 

25 

101 

111 

131 

141 

151 

161 

171 

91 

50 

102 

112 

132 

142 

152 

162 

172 

92 

70 

103 

113 

133 

143 

153 

163 

173 

93 

100 

104 

114 

134 

144 

154 

164 

174 

94 

150 

105 

115 

135 

145 

155 

165 

175 

95 

200 or over 

106 

116 

136 

146 

156 

166 

176 

96 


When an armature shunt resistor is added to any one of the above classes, the class 
number will include the suflSx AS. 

Example. Class 155AS is a resistor which includes an armature shunt and which 
will allow an initial inrush of 150 per cent with the armature shunt open. 

When a dynamic-braking resistor is added to any one of the above classes, the class 
number will include the suffix DB. 

Example. Class 155DB. 

* For speed-regulating duty see Table 47. 

TABLE 45 

Classification of Resistors for Reversing Plugging Service— 
WITHOUT Armature Shunt or Dynamic Braking 

Approx. % 
of FitU-load 


Current on 
First Point 
Starting from 

Class Numbers Applying to Duty 
Cycles, Time on 

Rest with All 

16 sec 

15 sec 

15 sec 

Con- 

Resistance in 

of Each 

of Each 

of Each 

tinuons 

Circuit 

60 sec 

45 sec 

SO sec 

Duty 

25 

151P 

161P 

171P 

91P 

50 

152P 

162P 

172P 

92P 

70 

153P 

163P 

173P 

93P 

100 

154P 

164P 

174P 

94P 


Note. The class numbers apply to the complete resistor, but the duty cycles 
are those of the accelerating resistor only. 

When an armature shunt resistor is added to any one of the above classes, 
the class number will include the suffix AS. 

Example. Class 153P-AS is a plugging resistor which includes an armature 
shunt and which will allow an initial inrush of 70 per cent with the armature 
shunt open. 

When a dynamic-braking resistor is added to any one of the above classes, 
the class number will include the suffix DB. 

Example. Class 153P-DB. 
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TABLE 46 

Classification of Resistors for Dynamic Lowering Crane 
AND Hoist Controllers 


Class Numbers Applying to Duly 
Cycles, Time on 


Approx. % 
of Fvmoad 
Current on 
First Point 
Hoisting 
Starting from 
Rest without 
Armature Shunt 
50 
70 


15 sec 

15 sec 

of Each 

of Each 

60 sec 

45 sec 

152DL 

162DL 

153DL 

163DL 


15 sec 

Con- 

of Each 

tinuoue 

30 sec 

Duly 

172DL 

92DL 

173DL 

93DL 


TABLE 47 

Classification of Resistors for Contintjous-duty, Speed-regulating 
Service, with D-c Shunt Motors and A-c Wound-rotor Motors 


Cla^s Numbers 

% of Robed Motor Torque at Reduced Speed 
Ifi 50 60 70 80 90 100 


%of 

Speed 

Reduction 


5 

405 

505 

605 

10 

410 

510 

610 

15 

415 

515 

615 

20 

420 

520 

620 

25 

425 

525 

625 

30 

430 

530 

630 

35 

435 

535 

635 

40 

440 

540 

640 

45 

445 

545 

645 

50 

450 

550 

650 


705 

805 

905 

1005 

710 

810 

910 

1010 

715 

815 

915 

1015 

720 

820 

920 

1020 

725 

825 

925 

1025 

730 

830 

930 

1030 

735 

835 

935 

1035 

740 

840 

940 

1040 

745 

845 

945 

1045 

750 

850 

950 

1050 


Note 1. The base speed of an adjustable-speed motor is the lowest speed ob¬ 
tained at rated load and rated voltage at the temperature rise specified in the 
rating. 

Note 2. The stability of the motor speed obtained by simple rheostatic con¬ 
trol is dependent upon the stability of the load on the motor. The degree of 
instability is directly proportional to the amount of speed reduction. Varia¬ 
tions in load have a greater proportional effect on the speed when the load is 
light. For these reasons the Standard has not been carried beyond a speed 
reduction of 50 per cent and a load torque of 40 per cent. 

Note 3. With a direct-current shunt motor the per cent of rated motor cur¬ 
rent which is obtained at the reduced speed is assumed to be the same as the 
per cent of rated torque. 

With a wound-rotor motor and resistor in the rotor circuit the per cent of 
rated rotor (secondary) current which is obtained at the reduced speed is as¬ 
sumed to be the same as the per cent of rated torque. 
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Note 4* A speed-regulating resistor is so designed that it may be operated 
continuously at any point in the speed-regulating range when the load follows 
its normal speed-torque curve. When additional resistor is required to obtain 
the starting current specified, that portion of the resistor is designed for a duty 
cycle selected from Table 44. Such a resistor may be completely specified by a 
compound number. 

For example: 154/950 designates a resistor which is designed for starting 
and speed-regulating duty. The starting section is designed to allow 100 per 
cent of full-load current on the first point starting from rest, and a duty cycle 
of 15 seconds on and 45 seconds off. The regulating section is designed to give 
50 per cent speed reduction at 80 per cent of rated torque, and for continuous 
duty when the load follows its normal speed-torque curve. 

Note 5. The approximate per cent of rated current which will be obtained 
on the first point of the controller when starting from rest if the speed-regulating 
resistor alone is used may be determined from the equation 

^ ^ , Per cent torque at reduced speed 

Per cent current = —=;-— X 100 

Per cent of speed reduction 

The following rules for determining the rating of a resistor under 
the above classifications are also taken from the NEMA Standards. 

Temperature Test, (a) When a temperature test is made on a 
starting or intermittent-duty resistor without its motor, the resistor 
shall be connected to a voltage that will give the initial inrush current 
specified, and the current shall be maintained at 125 per cent of the 
full-load current for those steps through which 125 per cent of full¬ 
load current can flow. The specified cycle shall be repeated for 1 hour. 

(b) When a temperature test is made on a continuous-duty resistor 
without its motor, any tested step shall be subjected to 100 per cent 
of the current for which it is designed, and this value of current shall 
be maintained until the maximum temperatures are reached. 

(c) When a test is made on a primary-resistor starter for a squirrel- 
cage motor, without its motor, 300 per cent of normal full-load current 
of the motor with which the starter is to be used shall be maintained 
for a time-on period of 5 seconds out of each 80 seconds, this cycle to 
be repeated for 1 hour. 

Temperature of Resistors. When a temperature test is made upon 
a resistor at the current values, duty cycle, and elapsed time specified, 
the limiting temperature rise above the cooling air and the methods 
of temperature measurement shall be as follows: 

1. For bare resistive conductors the temperature rise shall not exceed 
375 C as measured by thermocouple in contact with the resistive 
conductor. 

2. For imbedded resistive conductors temperature rise shall not ex¬ 
ceed 300 C as measured by a thermocouple in contact with the surface 
of the imbedding material. 

3. The temperature rise of the issuing air shall not exceed 175 C as 
measured by mercury thermometer at a distance of 1 inch from the 
enclosure. 
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Before ribbon resistors were extensively used, the classification table 
was based on a 4-minute cycle as practically all resistors had enough 
heat-absorbing capacity so that they did not reach their ultimate 
temperature in that time. When ribbon resistors came into general 
acceptance, this table no longer serv^ed, because the heat-absorbing 
capacity of the ribbon is relatively low. A resistor of ribbon designed 
for half time on the basis of 2 minutes out of 4 requires practically the 
same amount of material as one designed for continuous duty. Since 
the actual operating cycle of most intermittent-duty motor-driven 
machines is much less than 4 minutes, it is practical to base the resistor 
on a shorter cycle. Resistors of thin ribbon, based on the short cycle, 
will require only about half as much material as for the same duty 
based on the long cycle. 

Very Short Cycles. For very short cycles, in which the resistor is 
in circuit for only a second or two, the capacity can be calculated on 
the basis of heat-absorbing ability only, ventilation being neglected. 
As an example, suppose that it is desired to calculate the temperature 
rise of a ribbon resistor for dynamic braking, the peak current being 
700 amperes and the time 1 second. The specific heat of the material 
is 0.09. The weight of the ribbon is calculated and found to be 4.8 
pounds, and the resistance is 0.5 ohm. 

Watts = 700^ X 0.5 = 245,000 
Btu per hour = 245,000 X 3.412 = 835,000 
835,000 

Btu per pound for 1 second =-= 48.3 

4.8 X 60 X 60 

Since 1 Btu will raise 1 pound of water 1 F, the temperature rise of 
the ribbon will be 

48 3 

r = — = 537 F or 298 C 
0.09 

Intermittent-duty Rating. The following example will illustrate a 
method of calculating the amount of resistor required for an inter¬ 
mittent-duty controller. Assume that it is desired to design a three- 
step class 153P resistor for a 100-horsepower 230-volt motor whose 
full-load current is 375 amperes. Class 153P indicates that this is a 
plugging controller, and that the resistor will be in circuit for 15 seconds 
in each 60 seconds. 
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The ohmic values are: 

_ , . 230 X 1.8 

Total resistance =-= 0.736 ohm 

375 X 1.5 

. , 230 

Accelerating resistance =-= 0.383 ohm 

375 X 1.6 

The steps are tapered as follows: 

Percentage 

of Total Ohms 

48 0.353 

34.4 0.253 

17.6 0.130 

Total 100 0.736 

The time required on each point of the controller may be assumed 

to be in the same ratio as that of the resistance of the steps, so that 
the time on in each cycle will be 


Step 

Percentage 
of Total 

Seconds 

1 

48 

7.2 

2 

82.4 

12.4 

3 

100 

15 


On the plugging step the inrush is 150 per cent and the base current 
100 per cent. The heating of the resistor is determined by the root- 
mean-square current, which is 

Rms current = 

= 126 per cent or 460 amperes 

On the other steps the inrush is 160 per cent, and the rms current is 


150^ + 150 X 100 + 100^ 


Step 

1 

2 

3 



131 per cent or 492 amperes 


The watts to be dissipated by each step are determined by multiply¬ 
ing the resistance by the square of the rms current. The wattage value 
is then multiplied by the time on to obtain the watt-seconds on each 
step. The last two steps are on part of the time at the lower current 
and part at the higher current. 
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Resist¬ 

Seconds 

Rms 

Rms 

Watt- 

step 

ance 

On 

amperes 

watts 

seconds 

1 

0.353 

7.2 

460 

74,600 

537,000 

2 

0.253 

7.2 -1- 5.2 

460-492 

53,500 and 
61,200 

703,000 

3 

0.130 

7.2 + 7.8 

460-492 

27,500 and 
31,400 

443,000 


It is now necessary to refer to a table giving the wattage rating of 
the particular type of resistor material. Assuming that cast-iron grids 
are used, and that the rating of each is 600 watts, on a duty of 15 
seconds in 60 seconds, the watt-second rating is then 9000 per grid. 
The number of grids required for each step is determined by dividing 
the watt-seconds required by the step, by the grid rating. 


537,000 

First step -= 60 grids 

9,000 

703,000 

Second step -= 78 grids 

9,000 

443,000 

Third step -= 49 grids 

9,000 

Total = 187 grids 


Since the number of grids required varies directly with the horse¬ 
power of the motor, it is possible to reduce the above calculations to 
a simple general fonn from which a similar resistor can be calculated 
for any size of motor. 

A convenient method of expressing the ohmic value is as percentage 
of E/I, where E is the line voltage and / the rated current of the motor. 

The first step is 0.353 ohm. 


0.353 = 


KE 


K = 


0.353 X 375 


230 


K = 0.575, or 57.5 per cent of E/I 
0.253 X 375 

The second step is-= 0.41, or 41 per cent of E/L 

230 > H 

0.130 X 375 

The third sten is-= 0.21, or 21 per cent of E/L 


?30 
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Grid tables are generally arranged to give the current-carrying 
capacity of the grid, for any duty cycle. The most convenient way to 
express the capacity required for a step is, therefore, in terms of the 
full rated current of the motor. It is convenient to reduce the rating 
to a continuous-duty basis, so that any resistor can be calculated from 
the continuous-duty grid table. 

Assume that the type of grid to be used has a continuous rating of 
125 watts. The 60 grids of the first step will have a continuous rating 
of 60 X 125, or 7500 watts. The continuous current capacity of this 
step will be 


I Watts _ /7500 

^ Resistance ^ ^ ^ 


0.353 


= 143 amperes 


Expressed in terms of rated motor current, this is 

143 

-= 0.39/ 

375 

Similarly, the capacity required in the second step is 


/l25 X 78 

\ -= 196 amperes = 0.52/ 

^ 0.253 


And the capacity required in the third step 


IS 


4 


125 X 49 


= 217 amperes = 




The complete formula for the resistance is as follows: 

Ohms in Percentage Current Capacity in 


Step 

ofE/I 

Percentage of I 

1 

57.5 

39 

2 

41 

52 

3 

21 

58 


Total 119.5 

This formula is applicable to any motor requiring a three-step class- 
153P resistor and using the particular type of grid on which the 
calculations arc based. 

Parallel Resistance. When the resistor steps are connected in 
parallel instead of in series, the distribution of the resistor material 
is quite different. The resistance of the first step is 119.5 per cent of 
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E/I. When the second step is parallel with the first step, the resultant 
resistance must be the same as that obtained with a series resistance 
when the first step is cut out, or 62 per cent of E/L When the third 
step is parallel with the first two steps, the resultant resistance must 
be 21 per cent of E/I. The final contactor short-circuits all the steps. 
To obtain these results. 

Step I = l.\9E/I = 0.73 ohm 

Step 2 = 1.29JE// = 0.79 ohm 

Step 3 = 0.32^// = 0.196 ohm 

When the first step above is in circuit, the rms current is 126 per 
cent, or 460 amperes. With the second step connected in, the total rms 
current is 131 per cent, or 492 amperes. This current divides through 
the two steps in inverse ratio to their resistance. With three steps in 
circuit the current divides through the three resistors. The first step 
is in circuit for the total time period, but with varying currents as the 
other steps are cut in. The currents and times are as follows: 




Rms 


Watt- 


Ohms 

amperes 

Seconds 

seconds 

Step 1 

On the first point 

0.73 

460 

7.2 

1,110,000 

On the second point 

0.73 

256 

5.1 

244,000 

On the third point 

0.73 

87 

2.7 

15,000 

Total watt-seconds 




1,369,000 

Grids required at 9000 watt- 





seconds per grid 




153 

Step 2 

On the second point 

0.79 

236 

5.1 

224,000 

On the third point 

0.79 

81 

2.7 

14,000 

Total watt-seconds 




238,000 

Grids required 




27 

steps 

On the third point 

0.196 

324 

2.7 

55,600 

Total watt-seconds 




55,600 


Grids required 7 

From these calculations it is evident that the parallel resistor re¬ 
quires the same number of grids as the series resistor, but that the 
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greater part of the parallel resistor is required in the first step. This 
is true only in intermittent duty. On continuous regulating duty the 
parallel resistor will require a greater number of grids. 

The current capacity required may be reduced to terms of full rated 
current in the same manner as with the series resistor. 

The capacity of the first step is 

/l25 X 153 

-W-= 101 amneres = 0.437 

^ 0.73 

That of the second step is 


125 X 27 

\ -= 65 amperes = 0.177 

^ 0.79 

And that of the third step is 



= 67 amperes = 0.187 


The complete formula for the parallel resistor is as follows: 



Ohms in per cent 

Current Capacity 

step 

of EH 

per cent of I 

1 

119 

43 

2 

129 

17 

3 

32 

18 


Regulating Duty. When the resistor is to be used for regulating 
duty, it must carry continuously the current required by the load. If 
the load is definitely known, that value should be used. Ordinarily 
the load will be known only to the extent of whether it is fan or 
machine duty. The current required may be read from the load curves 
of Figs. 67 and 68 . The following demonstration is given to determine 
the relation between the material required for a series resistor and that 
of a parallel resistor. Assume that 80 per cent of full-load current 
is required on each point of the controller and that the grids have a 
capacity of 125 watts per grid. With the series resistor the number 
of grids required is as follows: 

0.353 X 300^ 

First step -= 254 grids 

125 

0.253 X 300^ 

Second step -= 180 grids 

^ m ^ 
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0.130 X 300^ 

Third step -= 94 grids 

125 

Total = 528 grids 

With the parallel resistance, the first step requires 
0.73 X 300^ 


125 


= 528 grids 


The second step has to carry only the current through it, or 142 
amperes. 

0.79 X 142^ 

-= 128 grids 

125 

The third step has to cany 198 amperes. 

0.196 X 198^ 


125 


= 62 grids 


Total = 718 grids 

The parallel regulating resistor, therefore, requires 36 per cent more 
grids than the series regulating resistor. 

Any resistor may be reduced to terms of E/I and percentage of 7, 
but it must be borne in mind that the resultant table is applicable only 
to the particular type of grid upon whose characteristics it is based. 
Such a table, worked out for cast grids, will give entirely erroneous 
results if used to calculate a resistor of ribbon material or of wire- 
wound units. 

TABLE 48 

Typical Rating Table for Cast-iron Grids 


Grid Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Grid Ohms 

0W7 

0,010 

0,016 

0,020 

0,030 

0,040 

0,060 

0,080 0,110 

Per cent of Time On 



Capacity in Amperes 




6.25 

515 

430 

365 

305 

255 

215 

180 

150 

128 

12.50 

365 

305 

260 

215 

180 

153 

127 

107 

90 

16.67 

315 

265 

225 

187 

157 

132 

no 

93 

79 

25.00 

255 

215 

182 

152 

128 

108 

90 

76 

64 

33.33 

215 

185 

156 

130 

no 

92 

76 

65 

55 

50.00 

180 

153 

130 

108 

90 

76 

62 

54 

45 

75.00 

150 

125 

105 

88 

75 

62 

51 

44 

37 

100.00 

130 

108 

89 

76 

63 

54 

44 

38 

32 


This table is fictitious and does not apply to the grids of any manufacturer. 
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NEMA Resistor Application Table. Table 49 is intended as a guide 
in specifying or designing resistors. The classifications are those which 
experience has shown to be correct for the average installation. It is 
recognized that there will be exceptions. The table applies to resistors 
composed of wire-wound units or cast grids, and unbreakable ribbon 
resistors, provided that the time-on period does not exceed the values 
given in Table 44. 

TABLE 49 

NEMA NEMA 

Resistance Resistance 

Class Class 


Blowers 

Constant pressure 

135-195 

Centrifugal 

133-193 

Brick Plants 

Augers 

135 

Conveyors 

135 

Dry pans 

135 

Pug mills 

135 

By-jyrodvjcts Coke Plants 

Reversing machines 

153 

Leveler ram 

153 

Pusher bar 

153 

Door machine 

153 

Cement Mills 

Conveyors 

135 

Crushers 

145 

Rotary dryers 

145-195 

Elevators 

135 

Grinders, pulverizers 

135 

Kilns 

135-195 

Coal and Ore Bridges 

Holding line 

162 

Closing line 

162 

Trolley 

163 

Bridge 

153 

Coal Mines 

Car hauls 

162 

Conveyors 

135-155 

Cutters 

135 

Crushers 

145 

Fans 

134-193 

Hoists, slope 

172 

Vertical 

162 

Jigs 

135 


Coal Mines {Cord,) 


Picking tables 

135 

Rotary car dumpers 

153 

Shaker screens 

135 

Compressors 

Constant speed 

135 

Varying speed, plunger type 135-195 

Centrifugal 

93 

Concrete Mixers 

135 

Cranes—General Purpose 

Hoist 

153 

Bridge, sleeve-bearing 

153 

Trolley, sleeve-bearing 
Bridge or trolley, roller-bear¬ 

153 

ing 

152 

Flour Mills 

135 

Line shafting 

135 

Food Plants 

Dough mixers 

135 

Butter chums 

135 

Hoists 

Winch 

153 

Mine slope 

172 

Mine vertical 

162 

Contractors’ hoists 

152 

Larry Cars 

153 

Lift Bridges 

152 

Machine Tools 

Bending rolls, rev. 

163-164 

Non-rev. 

115 

Boring mills 

135 
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Machine Tools {Cord,) 

NEMA 

Resistance 

Class 

Bulldozers 

135 

Drills 

115 

Gear cutters 

115 

Grinders 

135 

Robbing machines 

115 

Lathes 

115 

Milling machines 

115 

135 

Punches 

135 

Saws 

115 

Shapers 

115 

MeUd Mining 

Ball, rod, tube mills 

135 

Car dumpers, rotary 

153 

Converters, copper 

154 

Conveyors 

135 

Crushers 

145 

Tilting furnace 

153 

Paper Mills 

Heaters 

135 

Calenders 

154^192 

Pipe Working 

Cutting and threading 

135 

Expanding and flanging 

135-195 

Power Plants 

Clinker grinders 

135 

Coal crushers 

135 

Conveyors, belt 

135 

Screw 

135 

Pulverized fuel feeders 

135 

Pulverizers, ball t 5 rpe 

135 

Centrifugal 

134 

Stokers 

13&-193 

Pumps 

Centrifugal 

134^193 

Plunger 

135-195 

Rubber Mills 

Calenders 

155 

Crackers 

135 

Mixing mills 

135 

Washers 

135 



NEMA 

Resistance 

Steel Mills 

Class 

Accumulators 

153 

Casting machines, pig 

153 

Charging machines, bridge 

153-163 

Peel 

153-163 

Trolley 

153-163 

Coiling machines 

135 

Conveyors 

135-155 

Converters, metal 

154 

Cranes, ladle, bridge, trol¬ 


leys, sleeve-bearings 

153-163 

Roller-bearing 

152-162 

Hoist 

153-163 

Crushers 

145 

Furnace doors 

155 

Gas valves 

155 

Gas washers 

155 

Hot metal mixers 

163 

Ingot buggy 

153 

Kickoff 

153 

Levelers 

153 

Manipulator fingers 

153-163 

Side guards 

153-163 

Pickling machine 

153 

Pilers, slab 

153 

Racks 

153 

Reelers 

135 

Saws, hot or cold 

155 

ScrewdowTis 

153-163 

Shears 

155 

Shuffle bars 

155 

Sizing rolls 

155 

Slab buggy 

155 

Soaking pit covers 

155 

Straighteners 

153 

Tables, main roll 

153-163 

Shear approach 

153-163 

lift 

153-163 

Roll 

153 

Transfer 

153 

Approach 

153 

Tilting furnace 

153 

Wire stranding machine 

153 

Woodworking Plants 

Boring machines 

115 

Lathe 

115 
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Woodworking Plants {Cord,) 

NEMA 

Resistance 

Class 

Mortiser 

115 

Molder 

115 

Planers 

115 

Power trimmer and miter 

115 


Woodworking Plants {Cont.) 

NEMA 

Resistance 

Class 

Sanders 

115 

Saw’S 

115 

Shapers 

115 

Shingle machine 

115 
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Problems 

1 . A 2.0-ohm grounding resistor for a transmission line must carry 2000 amperes 
for 12 seconds without exceeding a temperature rise of 900 F. The specific heat 
of the resistor material is 0.09. How many pounds of resistor material are 
required? 

.. 2. A certain cast-iron grid has a resistance of 0.01 ohm, and its heating curve 
shows that if it carries 290 amperes for 2 minutes it will have a temperature 
rise of 500 C. At this temperature rise, how many grids w’ill be required for a 
4-ohm resistor which will carr>' 1600 amperes for 1 minute? 

3 . What would be the total ohmic value of a class-163P resistor for a 50- 
hor&epower 230-volt 180-ampere series motor, neglecting motor resistance? 

4 . What would be the total ohmic value of a class-750 resistor for this motor, 
neglecting motor resistance? 

5 . If the resistor of problem 4 is tapered as follows, what will be the approxi¬ 
mate rms amperes which each step must carry for the specified time cycle? 

Per cent of 
Step Total ohms 

1 48 

2 34.4 

3 17.6 

6. A dynamic-braking resistor is used to stop a certain motor once a day. The 
voltage is 250, the initial braking current 500 amperes, duration of braking 8 
seconds, and the braking current decreases in direct proportion to the time. 
How many resistor grids will be required if the grids weigh 1.5 pounds each, the 
specific heat of the material is 0.09, and the temperature rise is limited to 500 F? 

7 . A resistor which must dissipate 12,000 w^atts is made up of units having 
an overall end dimension of 2 X 2 inches. These units are to be mounted in an 
enclosure, and may be mounted in one horizontal row, or in two, three, or four 
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rows. Determine the most economical arrangement, and calculate the cost, using 
the following data. 

When mounted in one row each unit will dissipate 600 watts, in two rows 
500 watts, in three rows 400 watts, and in four rows 300 watts. The units cost 
$1.50 each. The cost of the enclosing cabinet is $0.50 per inch of width, for any 
height. 

8 . Using Table 48, determine the size of grid and number of grids in each 
step of a starting resistor for a 100-horsepower 230-volt 350-ampere shunt motor, 
assuming the following: 

Resistor class 155. 

4 steps of resistance. 

Ohmic taper 40-30-20-10 per cent of total. 

Time taper same as step taper. 

Inrush current on each step 150 per cent of rated current. 

Contactors close at 100 per cent of rated current. 

Disregard motor resistance. 

9. Using Table 48, determine the size of grid and the number of grids in each 
step of a starting resistor for a 50-horsepower 230-volt 175-ampere shunt motor, 
assuming the following: 

Resistor class 175. 

3 steps of resistance. 

Ohmic taper 48-35-17 per cent of total. 

Time taper same as step taper. 

Inrush on first step 150 per cent of rated current. 

Inrush on other steps 160 per cent of rated current. 

Contactors close at 100 per cent of rated current. 

Disregard motor resistance. 

10. Using the data of problem 8, calculate the ohmic values of the resistor steps, 
using a parallel arrangement instead of a series arrangement of the steps. 

11. Calculate the size of grid and the number of grids in each step of the 
parallel arrangement. 

12. A series speed-regulating resistor is designed to carry 200 amperes continu¬ 
ously on any step. The ohmic value of the resistance is as follows: 


Paint of 

Ohms in 

Regidator 

Circuit 

First 

3.0 

Second 

2.5 

Third 

2.0 

Fourth 

1.5 

Fifth 

1.0 

Sixth 

0.5 

Seventh 

0.0 


Determine the size of grid, and the number required in each step. 

IS. Calculate the ohms, current-carrying capacity, size of grid, and number of 
grids in each step of this regulator, if the resistor is connected in a parallel 
arrangement. 

14 . A 250-horsepower 440-volt three-phase 60-cycle slip-ring motor has rotor 
ch«,rRct.erifitics as follows: 
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Volts across slip rings at standstill 625 

Rotor amperes per ring at full rated load 180 

Calculate the ohmic values of a six-step class-165 resistor for this motor, using 
the data of Table 33. Motor resistance may be disregarded. 

16. Calculate the size of grid, and the number of grids, in each step of the 
resistor, using the data of Table 48. 

16. If the grids are available only in boxes of 50 grids all of one size, determine 
the grid sizes and the number of gn^ia which would result in the most economical 
design. The grids in a box may be all in series or may be in parallel of two. 

17. A 400-horsepower 440-volt three-phase 60-cycle slip-ring motor has rotor 
characteristics as follows: 

Volts across slip rings at standstill 800 

Rotor amperes per ring at full rated load 220 

Calculate the ohmic values, grid sizes, and number of grids for a five-step class- 
135 resistor for this motor, using Tables 33 and 48. Motor resistance may be 
disregarded. 

18. Calculate a six-step resistor for the motor of problem 17, under the follow¬ 
ing conditions: 

Motor may run continuously with the last two steps of resistance in circuit. 

Motor may run half time with the last three steps of resistance in circuit. 

The rest of the resistor to be starting duty only, class 145. 

19. A shunt motor having an armature resistance of 0.07E/I has a four-step 
starting resistor which permits a current peak of 150 per cent of rated current 
at the start, and which is tapered in the ratio of 40-30-20--10. If the accelerating 
contactors close when the current reaches 100 per cent of rated current, what is 
the ohmic value of the resistor steps in per cent of E/H What inrush current 
is obtained on each point of the controller? 

20. Engineering design data for a certain crane controller resistor is as follows: 



Ohms in 

Cordinuous Current-carrying 

Step 

per cent of E/I 

Capacity in per cent I 

R1-R2 

100 

39 

R2-R3 

40 

46 

R3-R4 

28 

52.5 

R4-R5 

20 

57.5 


188 



Calculate a resistor of this type for a 150-horsepower 230-volt series motor, and 
determine the sizes and number of grids from Table 48. 
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Ampere Ratings of Single-phase A-C Motors 
60 cycles 

Average values, in amperes 

J^hp 


Hp 

Syn. 

Speed 

rpm 

Cm rent in Amperes 

Hp 

Syn. 

Speed 

rpm 

Current in Amperes 

115 

volts 

230 

volts 

440 

volts 

550 

volts 

2200 

volts 

115 

volts 

230 

volts 

440 

volts 

550 

volts 

2200 

volts 


1200 

7.16 

3.58 

1.80 

1.44 



3600 

84.8 

42.4 

21.2 

17.0 



900 

10.0 

5.02 

2.50 

2.00 



1800 

87.2 

43.6 

21.8 

17.5 









10 

1200 

92.0 

46.0 

23.0 

18.3 



1800 

8.06 

4.04 

2.02 

1.62 



900 

100 

50.0 

25.0 

20.0 


H 

1200 

9.86 

4.94 

2.48 

1.98 



600 

117 

58.4 

29.2 

23.4 



900 

11.9 

5.96 

2.98 

2.38 

















3600 

127 

63.4 

31.8 

25.4 



3600 

9.5 

4.76 

2.38 

1.90 



1800 

132 

66.0 

33.0 

26.4 


1 

1800 

10.6 

5.28 

2.64 

2.12 


15 

1200 

138 

69.0 

34.6 

27.6 


1 

1200 

12.3 

6.12 

3.06 

2.46 



900 

145 

72.6 

36.4 

29.0 



900 

12.9 

6.48 

3.24 

2.60 



6C0 

167 

83.6 

41.8 

33.4 



3600 

14.4 

7.22 

3.62 

2.90 



3600 

170 

84.8 

42.4 

34.0 

9.0 

ny 

1800 

14.8 

7.40 

3.70 

2.96 



1800 

175 

87.4 

43.8 

36.0 

9.2 

1/^ 

1200 

16.8 

8.40 

4.20 

3.36 


20 

1200 

178 

89.4 

44.8 

35.6 

9.4 


900 

20.0 

10.10 

5.04 

4.02 



900 

189 

94.6 

47.2 

37.8 

10.0 









600 

212 

106 

53.4 

42.6 

11.0 


3600 

19.2 

9.6 

4.82 

3.84 









o 

1800 

20.0 

10.0 

4.98 

3.98 



3600 

204 

102 

51.2 

40.8 

10.8 

Jb 

1200 

22.0 

11.0 

5.50 

4.40 



1800 

216 

108 

54.3 

43.2 

11.2 


900 

25.0 

12.5 

6.24 

4.98 


25 

1200 

224 

112 

56.0 

44.6 

11.6 









900 

234 

117 

58.3 

46.8 

12.0 


3600 

27.2 

13.6 

6.82 

5.44 



600 

250 

125 

62.4 

49.8 

14.0 

Q 

1800 

28.8 

14.3 

7.18 

5.74 









O 

1200 

30.8 

15.4 

7.72 

6.16 



1800 

252 

126 

63.0 

50.6 

13.6 


900 

35.4 

17.6 

8.80 

7.08 



1200 

266 

133 

66.7 

53.4 

13.8 








ou 

900 

276 

138 

68.7 

55.0 

14.2 


3600 

44.0 

22.0 

11.0 

8.80 



600 

304 

152 

76.1 

61.0 

16.0 


1800 

45.6 

22.8 

11.4 

9.14 









O 

1200 

48.8 

24.4 

12.2 

9.76 



1800 

340 

170 

85.0 

67.8 

17.4 


900 

54.0 

27.0 

13.5 

10.8 


Af\ 

1200 

344 

172 

86.0 

68.6 

17.8 









900 

360 

180 

90.0 

72.0 

18.4 


3600 

66.4 

33.2 

16.6 

13.3 



600 

392 

196 

98.0 

78.2 

20.0 

•71^ 

1800 

67.0 

33.4 

16.8 

13.4 










1200 

70.2 

35.2 

17.6 

14.0 










900 

82.4 

41.2 

20.6 

16.5 
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Ampebe Ratings of Two-phase Induction Motors 


For normal torquoi normal starting current, squirrel-cage or wound-rotor motors. 
Average values, in amperes per phase. 

34-^ hp (60 cycles) 


Hp 

Syn. 

Speed 

rpm 

Current in Amperes 

Hp 

S3m. 

Speed 

rpm 

Current in Amperes 

110 

volts 

220 

volts 

440 

volts 

550 

volts 

2200 

volts 

no 

volts 


440 

volts 

550 

volts 

2200 

volts 


1200 

3.68 

1.79 

.90 

.72 



3600 

42.4 

21.2 

10.6 

8.48 


y2 

900 

5.02 

2.51 

1.25 

1.00 



1800 

43.6 

21.8 

10.9 

8.75 









10 

1200 

46.0 

23.0 

11.5 

9.17 



1800 

4.03 

2.02 

1.01 

.81 



900 

50.0 

25.0 

12.5 

10.0 


H 

1200 

4.93 

2.47 

1.24 

.99 



600 

58.5 

29.2 

14.6 

11.7 



900 

5.97 

2.98 

1.50 

1.19 

















3600 

63.5 

31.7 

15.9 

12.7 



3600 

4.76 

2.38 

1.19 

.95 



1800 

66.0 

33.0 

16.5 

13.2 


1 

1800 

6.28 

2.64 

1.32 

1.06 


15 

1200 

69.0 

34.5 

17.3 

13.8 


i 

1200 

6.13 

3.06 

1.53 

1.23 



900 

72.5 

36.3 

18.2 

14.5 



900 

6.47 

3.24 

1.62 

1.30 



600 

83.6 

41.8 

20.9 

16.7 



3600 

7.22 

3.61 

1.81 

1.45 



3600 

84.8 

42.4 

21.2 

17.0 

4.5 

11/ 

1800 

7.41 

3.70 

1.85 

1.48 



1800 

87.5 

43.7 

21.9 

17.5 

4.6 

1>2 

1200 

8.40 

4.20 

2.10 

1.68 


20 

1200 

89.2 

44.7 

22.4 

17.8 

4.7 


900 

10.0 

5.03 

2.52 

2.01 



900 

94.4 

47.3 

23.6 

18.9 

5.0 









600 

106 

53.0 

26.7 

21.3 

5.5 


3600 

9.6 

4.81 

2.41 

1.92 









o 

1800 

10.0 

4.98 

2.49 

1.99 



3600 

102 

51.2 

25.6 

20.4 

5.4 

L 

1200 

11.0 

5.50 

2.75 

2.20 



1800 

108 

54.3 

27.1 

21.6 

5.6 


900 

12.5 

6.23 

3.12 

2.49 


25 

1200 

112 

56.0 

28.0 

22.3 

5.8 









900 

117 

58.3 

29.2 

23.4 

6.0 


3600 

13.6 

6.81 

3.41 

2.72 



600 

125 

62.4 

31.2 

24.9 

7.0 

Q 

1800 

14.4 

7.17 

3.59 

2.87 









O 

1200 

15.4 

7.72 

3.86 

3.08 



1800 

126 

63.0 

31.5 

25.3 

6.8 


900 

17.7 

8.80 

4.40 

3.54 



1200 

133 

66.7 

33.4 

26.7 

6.9 








OU 

900 

138 

68.7 

34.3 

27.5 

7.1 


3600 

22.0 

11.0 

5.50 

4.40 



600 

152 

76.1 

38.0 

30.5 

8.0 

e 

1800 

22.8 

11.4 

5.71 

4.57 









O 

1200 

24.4 

12.2 

6.10 

4.88 



1800 

170 

85.0 

42.5 

33.9 

8.7 


900 

27.0 

13.5 

6.75 

5.40 


Af\ 

1200 

172 

86.0 

43.0 

34.3 

8.9 









900 

180 

90.0 

45.0 

36.0 

9.2 


3600 

33.2 

16.6 

8.31 

6.65 



600 

196 

98.0 

49.0 

39.1 

10.0 

* 71 / 

1800 

33.5 

16.7 

8.40 

6.68 










1200 

35.1 

17.6 

8.80 

7.02 










900 

41.2 

20.6 

10.3 

8.23 










Note: For high-torque squirrel-cage motors the ampere ratings will be at least 
10 per cent greater than those given above. The current in the common line of a 
two-phase, three-wire system is 1.4 times the phase current. 
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TABLES 


Ampere Ratings of Two-phase Induction Motors 

For normal torque, normal starting current, squirrel-cage or wound-rotor motors. 
Average values, in amperes per phase. 

50-500 hp (60 cycles) 


Current in Amperes 

Syn. _ 

Hp Speed 

rpm 110 220 440 550 2200 
volts volts volts volts volts 


Current in Amperes 


Speed 

rpm 

no 

volts 














550 2200 



Note: For high-torque squirrel-cage motors the ampere ratings will be at least 
10 per cent greater than those given above. 

The current in the common line of a two-phase, three-wire system is 1.4 times the 
ciirrent. 
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Ampere Raungs of Three-phase Induction Motors 


For normal torque, normal starting current, squirrel-cage or wound-rotor motors. 
Average values, in amperes per phase. 

J4--40 hp (60 cycles) 


Hp 

Syn. 

Speed 

rpm 

Current in Amperes 

Hp 

Syn. 

Speed 

rpm 

Current in Amperes 

no 

volts 

220 

volts 

440 

volts 

550 

volts 

2200 

volts 

no 

volts 

220 

volts 

440 

volts 

550 

volts 

2200 

volts 


1200 

4.14 

2.07 

1.04 

.83 



3600 

49.0 

24.5 

12.3 

9.8 



900 

6.80 

2.90 

1.45 

1.16 



1800 

50.4 

25.2 

12.6 

10.1 









10 

1200 

53.2 

26.6 

13.3 

10.6 



1800 

4.66 

2.33 

1.17 

.93 



900 

57.8 

28.9 

14.5 

11.6 



1200 

6.70 

2.85 

1.43 

1.14 



600 

67.6 

33.8 

16.9 

13.5 



900 

6.90 

3.45 

1.73 

1.38 

















3600 

73.4 

36.7 

18.4 

14.7 



3600 

5.50 

2.75 

1.38 

1.10 



1800 

76.2 

38.1 

19.1 

15.2 



1800 

6.10 

3.05 

1.53 

1.22 


15 

1200 

79.8 

39.9 

20.0 

16.0 


1 

1200 

7.08 

3.54 

1.77 

1.42 



900 

83.8 

41.9 

21.0 

16.8 



900 

7.48 

3.74 

1.87 

1.50 



600 

96.6 

48.3 

24.2 

19.3 



3600 

8.34 

4.17 

2.09 

1.67 



3600 

98 

49.0 

24.5 

19.6 

5.2 


1800 

8.56 

4.28 

2.14 

1.71 



1800 

101 

50.5 

25.3 

20.2 

5.3 

1200 

9.70 

4.85 

2.43 

1.94 


20 

1200 

103 

51.7 

25.9 

20.6 

5.4 


900 

11.60 

5.81 

2.91 

2.32 



900 

109 

54.6 

27.3 

21.8 

5.8 









600 

123 

61.5 

30.8 

24.6 

6.4 


3600 

11.1 

5.66 

2.78 

2.22 










1800 

11.5 

5.76 

2.88 

2.30 



3600 

118 

59.2 

29.6 

23.6 

6.3 

2 

1200 

12.7 

6.35 

3.18 

2.54 



1800 

125 

62.7 

31.3 

25.0 

6.5 


900 

14.4 

7.21 

3.61 

2.88 


25 

1200 

129 

64.7 

32.3 

25.8 

6.7 









900 

135 

67.4 

33.7 

27.0 

6.9 


3600 

15.7 

7.87 

3.94 

3.14 



600 

144 

71.9 

35.9 

28.8 

8.1 

o 

1800 

16.6 

8.29 

4.14 

3.32 









o 

1200 

17.8 

8.92 

4.46 

3.56 



1800 

146 

72.8 

36.4 

29.2 

7.8 


900 

20.4 

10.20 

5.09 

4.08 



1200 

154 

77.1 

38.6 

30.8 

8.0 








OU 

900 

159 

79.4 

39.7 

31.8 

8.2 


3600 

25.4 

12.7 

6.34 

5.08 



600 

176 

87.9 

43.9 

35.2 

9.3 

e 

1800 

26.4 

13.2 

6.60 

5.28 









0 

1200 

28.2 

14.1 

7.05 

5.64 



1800 

196 

98 

49.0 

39.2 

10.0 


900 

31.2 

15.6 

7.80 

6.24 


AH 

1200 

198 

99 

49.4 

39.6 

10.3 









900 

208 

104 

52.0 

41.6 

10.6 


3600 

38.4 

19.2 

9.6 

7.68 



600 

226 

113 

56.5 

45.2 

11.5 

7H 

1800 

38.6 

19.3 

9.7 

7.72 









1200 

40.6 

20.3 

10.2 

8.12 










900 

47.6 

23.8 

11.9 

9.51 










Note: For high-torque squirrel-cage motors the ampere ratings will be at least 
10 per cent greater than those given above. 
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TABLES 


Ampeke Ratings of Three-phase Induction Motors 

For normal torque, normal starting current, squirrel-cage or wound-rotor motors. 
Average values, in amperes per phase. 

50-500 hp (60 cycles) 



Note: For high-torque squirrel-cage motors the ampere ratings will be at least 
10 per cent greater than those given above. 
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Ampere Ratings of Direct-current Motors 


Hp 

Full-load Current 

Recommended Fuse Size 

115 volts 

230 volts 

550 volts 

115 volts 

230 volts 

550 volts 

Vs 

1.4 

0.7 

0.3 

3 

3 

3 

Ve 

1.8 


0.4 

3 

3 

3 

H 

2.3 

1.2 

0.5 

5 

3 

3 

yi 

4.5 

2.3 

1.0 

7 

3 

3 


6.5 

3.3 

1.4 

10 

5 

3 

1 

8.4 

4.2 

1.7 

15 

7 

3 

m 

12.5 

6.3 

2.6 



5 

2 

16.1 

8.3 

3.4 

25 

12 

5 

3 


12.3 



15 

7 

4 

32 

16.1 

6.6 




5 

40 

19.8 

8.2 


25 

12 

7H 

58 

28.7 

1 



40 

15 

10 

75 

38 

16.0 

100 

50 

20 

12^ 

94 

47 

19.5 

125 

60 

25 

15 

112 

56 

23.0 

150 

75 

30 

20 

148 

74 

30 

200 

100 

40 

25 

185 

92 

38 

250 

125 

50 

30 

220 

110 

45 

300 

150 

60 

35 

257 

128 

53 




40 

294 

146 

61 



80 

45 

330 

163 

68 

450 


90 

50 

364 

180 

75 

500 

250 

100 

60 

436 

215 

90 

550 

275 

125 

75 

540 

268 

111 

... 

350 

150 

90 

648 

322 

132 


450 

175 

100 

720 

357 

146 

... 

500 

200 

125 

890 

443 

184 


600 

250 

150 


528 


* ■ • 


300 

175 


617 

257 

... 

... 

350 

200 

1415 

705 

295 

... 


400 
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Ampere Table 

For Three-phase Synchronous Motors 


Hp 

Assumed 

Efficiency 

Amperes at 100% Power Factor 

Hp 

220 volts 

440 volts 

550 volts 


4000 volts 

5 

81.0 

12 

6 

4.8 



5 


82.0 

18 

9 

7.2 




10 

83.0 

23.5 

11.8 

9.5 



10 

15 

85.0 

34.5 

17.3 




15 

20 

86.0 

45.5 

23 

18.5 



20 

25 

87.0 

56 

28 

22.5 



25 

30 

88.0 

67 

33.5 

27 



30 

40 

89.0 

88 

44 

35 

9 


40 

50 

89.5 

110 

55 

44 

11 


50 

60 

90.0 

131 

66 

53 

13.1 


60 

75 

91.0 

162 

81 

65 

16.2 


75 

100 

91.5 

214 


86 

21.4 

12 

100 

125 

91.5 

268 

134 


27 

15 

125 

150 

92.0 



128 

32 

17.5 

150 

200 

92.0 

426 

213 

171 

43 

24 

200 

250 

92.5 

526 

263 

212 

53 

29 


300 

92.5 

636 

318 

255 

64 

35 


350 

93.5 

734 

372 

298 

74 

41 

350 

400 

93.5 



336 

84 

46 


450 

93.5 

942 

471 

378 

94 

52 


500 

94.0 


523 

418 


58 


550 

94.0 

1148 

574 


115 

63 


600 

94.0 


625 


125 

69 


650 

94.5 

1350 

675 

540 

135 

75 


700 

94.5 


725 


145 



750 

94.5 



625 

156 

86 

750 

800 

95.0 



665 

166 

91 


900 

95.0 



745 

186 



1000 

95.0 



825 

206 

113 



Amperes given above are based on an average efficiency for given horsepower 
at all speeds. For instance, 25 hp amperes are based on 87 per cent efficiency for 
all speeds and 1000 hp on 95 per cent efficiency for all speeds. 

For 2-phase amperes multiply values in table by 0.866. 

For 80 per cent power-factor amperes multiply 100 per cent power-factor values 
by 1.29. 
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Abbreviations, table of, 11 
Accelerating time, calculation of, 352 
Acceleration, 94 
capacitor-timed, 117 
Clark delayed time, 115 
combined current and time, 115 
counter-emf, 98 
current-limit, 96 
dashpot relays, 103 
E. C. & M. time control, 116 
frequency relay, 350 
General Electric MT, 113 
inductive time limit, 109 
lockout type, 100 
magnetic drag type, 105 
methods of, 94 
comparative advantages, 97 
motor-driven timers, 106 
re(iuirements of, 94 
separate inductor, 110 
series-relay, alternating current, 348 
direct current, 99 
theory of, 95 
time limit, 97 
voltage drop, 102 
Allen Bradley controller, 376 
Alternating current, advantages of, 4 
Altitude, high, controllers for, 41 
Application, table of, for resistors, 519 
Arc shields, maintenance of. 91 
Arcing limits for sliding contacts, 172 
Arcs, clearances for, 37 
Armature, shunting of, 139, 263 
Asbestos, panels of, 27 
Autotransformer starter, 371 
application of, 379 
connections for, 371 
for crane control, 424 
Korndorfer connection for, 382 
line current of, 377 
line disturbance, 380 
power factor of, 378 
for synchronous motor, 461 


Balancing of shunt motors, 279 
Blowout, magnetic, 74 
Brake, time to stop with, 491 
Brakes, 479 

determination of size, 491 
linings, 480 
mounting of, 490 

operating mechanisms for, 484, 487 
ratings of, 494, 495, 496 
standards for, 496 
thrustor, as load brake, 428 
wheels, 482 

Braking time, calculation of, 352 
Built-in control, 41 
Buttons, contact, 144 

Capacitor motor, 445 
control for, 445 
Capacitors, timing with, 117 
Carbon-pile starter, 376 
Cascade connection, 429 
Centrifugal pump, resistor for, 134 
Check valve, pressure regulator, 59 
Clark delayed-time contactor, 115 
Coils, 78, 323 

Comparison circuits, 218, 219 
Concatenation, 429 
Constant-tension control system, 228 
Contactor, advantages of, 71 
alternating current, 321 
coils for, 323 
construction of, 321 
control transformer for, 327 
inrush current of, 324 
interrupting ratings of, 340 
line-resistance calculation for, 325 
maximum torque connection, 415 
oil-immersed, 326 
shading coil, 322 
use on direct current, 338 
definition of, 71 
direct current, 73 
coils for, 78 
contacts of, 74 
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Contactor, direct current, inductive 
type, 82 

lockout type, 80 
magnetic blowout for, 74 
maintenance of, 91 
ratings of, 91 

use on alternating current, 339 
Contacts, 74 
arcing limits for, 173 
butt type, 75 
button type, 144 
carbon, 77 
copper, 74 
leaf brush, 75 
maintenance of, 91 
plating of, 74 
segment type, 144 
silver, 74 
welding of, 76 

Control, devices for, classification of, 6 
factors in selection of, 2 
Control center, 44 
Counter-emf acceleration, 98 
Coupling, electric, 288 
Crane, magnetic control for, 267, 268 
protective panel for, 270 
Crane bridge, djmamic braking for, 271 
Crane hoist, alternating-current control 
for, 416 

alternating current ratings for, 428 
calculation of horsepower, 308 
countertorque lowering, 417 
direct-current braking, 427 
electric load brake for, 428 
limit switch for, 307 
load brake for, 416 
motor for, 261 
resistor design for, 308 
speed-torque curves for, 303, 421, 425 
unbalanced-stator lowering method, 
423 

Crusher, control for, 5 
Current-limit acceleration, 96 
Cylinder, projection of, 54 

Dampness, protection against, 40 
Dancer-roll rheostat, 201 
Dashpot, 103 
moimting of, 28 
Decelerating relay, 170 


Decelerating time, calculation of, 352 
Devices, designation of, 10 
Diagrams, abbreviations for, 11 
construction, 21 
controller, 19 
definitions for, 8 
device designations for, 10 
elementary, 13 
examples of, 22 
for master controllers, 54 
notes on, 21 
purpose of, 8 
resistor, 21 
symbols for, 13 
terminal marking, 12 
types of, 9 
wiring, 19 

Dinkey controller, 266 
Direct current, advantages of, 4 
Discharge path, 163 

Disconnect switch, contactor-type, 369 
Disk, graphite, 376 
Double-cage motor, characteristic 
curves of, 365 
description of, 364 
Drums, advantages of, 150, 153 
auxiliary functions for, 154 
construction of, 150 
drives for, 152 
dynamic lowering, 265 
for series motor, 265 
for squirrel-cage motor, 367 
for w'oimd-rotor motor, 410 
limit switches for, 157 
motor-driven, 411 
Dust, protection against, 40 
Duty, fan and machine, 137, 138 
Duty cycle for resistors, 510 
D3mamic braking, of crane bridge, 271 
of series motor, 262 
of shunt motor, 135 
Dynamic lowering control, adjustments 
of, 317 

characteristics required, 299 
connections for, 301, 315 
drum controller for, 265 
for motors in parallel, 286 
general principles of, 299 
resistor design for, 308 
simplified circuit for, 315 



INDEX 


533 


Dynamic lowering control, speed- 
torque curves for, 303 
step-by-step circuits for, 302 
timing of, 303 

E. C. & M. time control, 116 
Electric-shovel control, 203 
Enclosures, built-in, 41 
clearances for, 39 
definitions for, 29 
design of, 37 

for special service conditions, 39 
materials for, 37 
types of, 30 

Equivalent WR^f 353, 493 
Error-sensing systems, 218 
Explosion, protection against, 40 

Face-plate controller, 143 
Fan, load curve for, 138 
speed-regulating resistor for, 138 
Feedback, 221 
Field, discharge of, 164 
protection against failure of, 165 
relays, 166, 170 
reversal of, 166 
jheostats, estimating of, 171 
rotating, 300 

strengthening of, 167, 170 
weakening of, 167 
Float, design of, 57 
Float-operated switch, 57 
Frame, open, 28 

Frequency, effect of variation of, 387 
relay, 350 

speed control by, 386 
Frequency-changer system, 433 
Friction switch, 62 
Fumes, protection against, 40 
Fynn-Weichsel motor, 475 

General Electric MT control, 113 
Governor, speed, 62 
Graphite disk, 376 
Grid, cast-iron, 502 
Ground, clearance to, 37, 39 

Hoists, see Crane hoist 
Horsepower, winding, calculation of, 
227 

Hunting in regulating systems, 221 


Inductive acceleration, 109 
contactors for, 82 
Inductor, 110 
Interlock, electric, 77 
maintenance of, 91 
mechanical, 78 

Jamming relay, 89 
Jogging, ratings for, 368 

Kinetic energy, 492 
Knife switches, mounting of, 28 
Komdorfer connection, 382 
Kraemer system, 430 

Latched-in relay, 88 
Limit switch, 64 
power type, 307 
rotating cam, 67 
skewing, 288 
track type, 65 
traveling cam, 66 
with drum controller, 157 
Limits, arcing, of sliding contacts, 173 
Line starter, construction of, 369 
limits of, 366 
magnetic, ratings cf, 367 
manual, ratings of, 366 
Lining, brake, 480 
Load, characteristics of, 137 
fan and machine types, 137 
overhauling, 264 

alternating-current control for, 416 
direct-current control for, 264, 299 
Load brake, 416 
electric, 427 
Lockout contactor, 80 
Lowering, dynamic, see Dynamic low¬ 
ering control 

Machine, check list of characteristics, 2 
load curve for, 137 
Magnet, release, 143 
Magnetic amplifier, 239 
multistage, 245 
Magnetic blowout, 74 
Magnetic-comparison circuit, 219 
Magnetic-drag timer, 106 
Magnetism, residual, 79 
Marble, 27 
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Markings, for devices, 10 
for terminals, 12 
Master controller, 52 
cam-operated type, 55 
diagrammatic representation of, 54 
drum t 3 ^e, 53 
face-plate type, 53 
multispeed type, 54 
Meters, moimting of, 28 
Mill control, Clark, 115 
E. C. & M, 116 
General Electric, type MT, 113 
Monitor timing device, 108 
Motor, capacitor, 445 
control for, 445 

direct current, general description, 123 
double squirrel cage, 364, 365 
electric coupling for, 288 
Fynn-Weichsel, 475 
in parallel, synchronizing of, 199 
multispeed, 388 
compelling control for, 396 
diagrams for, 389, 390, 391, 392 
equation for, 389 
magnetic controllers for, 394 
manual controllers for, 393 
progressive control for, 397 
selective control for, 394 
series, 256 

accelerating resistor for, 258 
acceleration curv’^es of, 259 
acceleration of, 258 
application of, 274 
armature-shunt resistor for, 263 
construction of, 256 
current-flux curve of, 257 
drum controllers for, 265 
dynamic braking of, 262 
djmamic lowering, in parallel, 286 
resistor for, 308 
magnetic control for, 267 
manual control for, 265 
operation in series, 285 
overhauling loads, 264 
plugging in parallel, 283 
plugging of, 261 
protection for, 265 
reversing of, 261 
speed equation for, 258 
speed regulation of, 263, 264 


Motor, series, torque equation for, 257 
series shunt, application of, 274 
shell type, 41 
shunt, 124 

accelerating resistor for, 129 
acceleration of, 7 

adjustable-voltage control for, 141 
application of, 160 
armature shunting of, 139 
resistor for, 139 
balancing loads of, 279 
characteristic curves of, 123 
dynamic braking of, 135 
resistor for, 135 
multivoltage control for, 142 
paralleling of, 279 
plugging resistor for, 134 
protection of, 142 
reversing of, 134 
speed, regulation of, 136, 141 
speed of, 127 

speed-regulating resistor for, 136 
starting in parallel, 280 
starting of, 128 
torque of, 362 
single phase, 441 
capacitor, 445 
capacitor start, 444 
compensated repulsion, 450 
controllers for, 451 
magnetic controllers for, 443 
manual controllers for, 443 
ratings of, 442 
reactor start, 444 
repulsion, 450 
repulsion-induction, 450 
resistance start, 444 
speed regulator for, 452 
types of, 441 
universal, 449 

slip ring, see Motor, wound rotor 
split-phase induction, 443 
squirrel cage, 359 
application of, 398 
autotransformer starter for, 371 
braking of, 386 
characteristic curves of, 363 
construction of, 359 
drums for, 367 

effect of frequency variation, 387 
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Motor, squirrel cage, effect of voltage 
variation, 387 
high-torque type, 364 
line starting of, 366 
magnetic starters for, 367 
manual starters for, 366 
multispeed, 388 
plugging of, 385 
primary-resistor starter for, 373 
ratings of, 363 

reduced voltage starting of, 370 
resistor design for, 399 
reversing of, 384 
Rossman drive for, 387 
rotating held of, 360 
selection of, 398 
speed control of, 386 
speed of, 362 
starting methods for, 365 
stopping of, 385 
torque of, 362 
synchronous, 454 
advantages of, 459 
application of, 460 
construction of, 454 
current-time synchronization of, 
465 

frequency synchronization of, 463 
magnetic controllers for, 367 
oscillograph of, 474 
plugging of, 475 
power factor of, 458 
synchronization of, 472 
reduced-voltage starting of, 467 
reversing of, 475 

slip-frequency synchronization of, 
469 

speeds of, 456 
starting of, 457, 460 
timed synchronization of, 463 
torque of, 457 
V curves of, 458, 459 
wound-rotor, 404 
application of, 435 
characteristics of, 405 
concatenation, 429 
construction of, 404 
direct-current braking for, 427 
drums for, 410 
magnetic starters for, 413 


Motor, wound-rotor, manual starters 
for, 407 

multiple-switch starter for, 409 
resistor design for, 435 
reversing of, 406 
rotor data for, 406 
speed-regulating resistor for, 436 
speed regulator for, 408, 415 
speed regulation of, 406 
speed-setting control for, 415 
starting torque of, 405 
Multimotor drives, 195 
Multivoltage control, 142 

Ohmic-drop exciter, 432 
Oil, protection against, 40 
Operation, choice of method, 5 
Ore bridge, alignment of, 288 
magnetic control for, 267 
Overload relay, ambient temperature, 
effect of, 337 
bimetallic, 335 
derating curves, 338 
direct current, 330 
fusible alloy, 335 
magnetic, 330 
mounting of, 28 
rating of heaters, 337 
slow-trip heaters, 338 
thermal, 333 

Westinghouse type TI, 85 

Panel construction of, 27 
materials for, 27 
Paralleling of shunt motors, 279 
Payoff, constant tension, 229 
Phase failure relay, 330 
Plug-stop control, 385 
Plugging, 166 
of motors in parallel, 283 
of series motor, 261 
of squirrel-cage motor, 385 
Plugging switch, 62 
Position regulators, 223 
Potentiometer rheostat, 181 
Power supply, selection of, 4 
Pressure regulator, 59 
Primary resistor starter, 373 
application of, 379 
carbon-pile t 3 T;)e, 376 
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Primary resistor starter, characteristic 
curves of, 375 
power loss of, 378 
Printing press, control for, 72, 415 
Projection of drum cylinders, 55 
Pump, centrifugal, characteristic curve 
of, 133 

resistor design for, 134 
Pushbuttons, 49 
heavy-duty ratings of, 49 
standard-duty ratings of, 49 

Radii of gyration, 355 
Rating, periodic, 508 
Reactor, saturable, 239 
self-saturable, 241 
bridge-output, 243 
Reduced-voltage starting, 370 
Register control, 223 
Regulating systems, basic, 215 
Regulator, Allis-Chalmers, 230 
closed loop, 214 
electronic, 235 
magnetic amplifier, 239 
multistage, 245 
pressure, 59 
Reliance VSA, 233 
rotating. 232 
solenoid-operated, 230 
Relay, alternating current, 328 
bimetallic, 335 
compound current, 89 
dashpot, 103 
definition of, 71 
direct current, 83 
dynamic braking, 170 
field accelerating, 168 
field decelerating, 170 
field economizing, 166 
field failure, 165 
frequency, 463 
fusible alloy, 335 
jamming, 330 
latched-in, 88 
magnetic overload, 84 
overload, 84, 333 
phase failure, 330 
plugging, 385 
power factor, 472 
series, alternating current, 328 


Relay, series, direct current, 87 
thermal, 333 
three phase, 328 
timing, 88 
vibrating, 168, 170 
voltage, 332 

Westinghouse type TI, 85 
Resistor, accelerating, for series motor, 
260 

for shunt motor, 129 
for wound-rotor motor, 435 
application table for. 519 
armature shunt, for series motor. 263 
for shunt motor, 139 
current capacity, 507 
design operations. 501 
duty cycle, calculation of, 512 
dynamic braking, for series motor, 
262 

for shunt motor, 135 
dynamic lowering. 308 
graphite disk. 376 
grid type, 503 
intermittent ratings, 512 
parallel steps, design of, 515 
periodic rating, 508 
plugging, for series motor, 262 
for shunt motor, 134 
for wound-rotor motor, 436 
primary, for squirrel-cage motor, 399 
ribbon type, 503 
service classifications, 509 
short cycles, 512 

speed regulating, for series motor, 263 
for shunt motor, 136 
for wound-rotor motor, 436 
for squirrel-cage motor, 399 
temperature tests of, 511 
unit type, 504 

Reversing, chc'ck list of functions, 3 
Rheostats, design of, 176, 180 
large, 180 

motor-driven, 181, 209, 211 
plate type, 180 
potentiometer, 181 
small, 180 

summation watts for, 175, 182 
tandem, 211 
Ribbon resistor, 503 
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RoUing mills, frequency-changer sys¬ 
tem for, 433 

Kraemer system for, 430 
Scherbius system for, 432 
Rossman drive, 387, 475 
Rotary converter for Kraemer system, 
430 

Rotating-cam limit switch, 68 
Running, check list of functions, 3 

Safety features, check list of, 3 
Salt air, protection against, 40 
Saturable reactor, 239 
Scherbius system, 432 
Screening, wire, 38 
Screwdown, control for, 295 
Self-saturable reactor, 241 
performance of, 244 
Sensing devices, 217 
Series motor, 256 
Series-parallel control, 289 
application of, 289 
bridging transition, 291 
magnetic control for, 292 
open-<*ircuit transition. 289 
resistor design for, 295 
shunt transition. 290 
simplified control for, 295 
speeds of, 294 
types of, 292 

Series-relay acceleration. 99 
Sewage basin, control for, 59 
Shading coil, 322 

Sheet metal, thickness standards, 38 
Shields, arcing, 74. 91 
Shock, protection against, 40 
Shoe, contact, 143 
Shunt motor, see Motor, shunt 
Single-cycle control, 269 
Skewing limit switch, 288 
Slack-loop control, 223, 224 
Slate, 27 

Slip-ring motor, see Motor, wound rotor 
Solenoid-operated brake, 484 
Speed control, check list of functions, 3 
Speed governor, 62 
Speed regulators, 222 
Squirrel-cage motor, see Motor, squir¬ 
rel cage 

Stability in regulating systems, 221 


Starter, magnetic line, ratings of, 367 
manual line, ratings of, 367 
multiple switch, for wound-rotor 
motor, 409 
ratings of, 409 

Starting, check list of functions, 2 
Steel mill auxiliaries, magnetic control 
for, 267 

Stopping, check list of functions, 2 
Summation watts, 175 
Switch, float-operated, 57 
iriction, 62 
gage type, 61 

limit, 64, 65, 66, 68, 288, 307 
mercury, 61 
oil, 326 
pressure, 59 
rotating cam, 68 
track type, 65 
transfer, 56 
traveling cam, 66 
Symbols fo** diagrams, 14 
Synchronizing, of cloth machines, 199 
of motors in parallel, 288 
of paper-making machine, 202 
of steel-rolling mills, 201 
of sjmchronous motors, 462 
Synchronous motor, see Motor, syn¬ 
chronous 

Temperature, high, protection against, 
41 

Templates, paper use of, 27 
Tension, regulation of, 225 
winding, calculation of, 227 
Terminals, marking of, 12 
Thermal overload relay, 333 
Thermostat, 61 
Thrustor, 490 
Thyrite, 187 

Time-limit acceleration, 97, 103 
Timer, motor-driven, 106 
Timing relay, 103, 104, 343 
Track switch, 65 
Transfer switch, 56 
Transformer, control, 327 
variable coupled, 218 
Transients with autotransformer starter, 
380 

Traveling-cam limit switch, 66 
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Tube, of preasure regulator, materials 
for, 61 

Two-motor drives, 278 
Unit, resistor, 504 

Unloader for pressure regulator, 60 

Vapor, protection against, 40 
Vibration, protection against, 40 
Voltage regulator, 222 
alternator, 249 


Voltage-comparison circuit, 218 
Voltage-drop acceleration, 102 
Voltage induced in coils, 78 

Watts, summation, 175 
Weather, protection against, 41 
Wheels, brake, 482 
Wilson-Ritchie braking method, 272 
Winder, mandrel type, 226 
Winding of materials, 225 
Wire screening, 38 




